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FROM THE PROCEEDINGS OF THE 25TH CONGRESS
‘OF THE COMMUNIST PARTY OF THE SOVIET UNION

With regard to energy technology, during the past five years we have begun the creation of technology
for atomic power stations., In years ahead atomic engineering will develop at an accelerated rate, Along with
reactors of 10° MW, we will exploit the integral equipping of atomic energy units with 1.5 - .10% MW reactors.
The energy-producing industry will turn out turbines and generators of 500, 800, and 1000-1200 MW, and
steam-gas equipment of up to 250 MW, ’ :
From the address of the Chairman of the Council of Ministers of the USSR,
Comrade A. N. Kosygin, "The Main Directions of Development of the Na-
tional Economy of the USSR in 1976-1980," :

We will ensure 1340-1380-10% kWh of electricity generated during 1980, Power-station capacity of the
order of 67-70+10° kW will be commissioned, including 13-15- 10% kW at atomic power stations. We will con-
tinue to construct 4-6- 106-kW thermal power stations with energy units 500 and 800 - 10% kw each along with

atomic power stations with reactors 1-1.5- 10° kW each,

We envisage the rapid development of atomic energy in the European part of the USSR, We will acceler-
ate the construction and commissioning of fast-neutron reactors. We will instigate preparatory work in order
to use atomic energy for district heating, .

We will organize mass production for atomic power stations of thermal-neutron reactors and associated
turbosets each of at least 1- 10° kW, We will exploit integral equipping for thermal-neutron units of capacities
up to 1,5 108 kw, .

In the European part of the RSFSR and in the Urals we will ensure the following,

The consolidation of electrical-energy resources through the construction and expansion of atomic and
thermal power stations, We will raise the capacity of the Leningrad Atomic Power Station to 4.10° kw, of the
Kostroma State Regional Power Station to 3.6-10° kW, and of the Reftinskii State Regional Power Station to
3.3.10% kW, We will commission into operation the Novovoronezh, Smolensk, and Kursk Atomic Power Sta-
tions, the Ryazan and Stavropol' State Regional Power Stations, and other power stations. We will expand the

construction of the Perm' Thermal Power Station, and start the construction of two high-capacity atomic power
stations and Irganaisk State Power Station. _

In the Ukrainian SSR we will ensure the commissioning into operation of the Chernobyl’, Roven'ki, and
South Ukraine Atomic Power Stations and begin construction of two new atomic power stations,

In the Lithuanian SSR we will expand the construction of the Ignalina Atomic Power Station with reactors
1.5-10° kW each,

From the document "The Main Directions of Development of the National
" Economy of the USSR in 1976-1980."

The large program of atomic-power-station construction will be fulfilled in regard to Soviet plans and
aid from the Soviet Union to countries that are members of the Council for Mutual Economic Aid, including the
construction of a large atomic power station in geographically remote, but ideologically close, revolutionary
Cuba, (Applause). _

In the 10th Five-Year Plan we require the commissioning of at least 70 . 10% kW of new generatmg capac-

ity, including at least 15. 10° kW from atomic power stations, to ensure the output in 1980 of 1400 - 10° kwh,
It should be noted that recently it has been necessary, in the electrical and thermal energy industry, to com-

Translated from Atomnaya Energiya,- Vol. 40, No. 5, pp. 363-366, May, 1976.
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The 10th Five-Year Plan should serve as a beginning for further development of energy resources on a
qualitatively new technical basis. We will begin the creation of large atomic power stations with a sustained
capacity of 4-8-10% kW with thermal-neutron reactors of 1. 108 kW, 1,5-10% kW, and 2,4-10% kw, ‘with furbines
for these reactors each of 750.10%, 1-10%, and 1,2.10% kW, In this period we will make the transition to fast-
neutron reactors and continue scientific and industrial development directed to the subsequent creation of ther-
monuclear power stations. (Applause),

Froin the speech of the Minister for Energy and Electrification of the USSR,
Comrade P. S. Neporozhnii.

Many specialists, engineers, and industrial workers sometimes wrongly assess the value of fundamental
research. Sometimes they have said: Fundamental sciénce is science for-academics, but applied science is
science for everyone else.

From a plethora of examples, I will cite only one that demonstrates the contribution of fundamental sci-
ence. In 30 years at the Leningrad Physical and Technical Institute, I. V. Kurchatov and other scientists insti-
gated studies of the physics of the atomic nucleus. A number of other institutes of the Academy began the de-
velopment of these studies, which seemingly had no relevance to practical matters. Academician N, N. Semenov,
in a completely different field, studying combustion and explosion phenomena, elucidated the mechanism of prop-
agation of chemical reactions that were termed autocatalytic, i.e., those that proceed with transfer of the re-
action from one atom to another,

By comparilig all this and assessing new scientific data, I. V. Kurchatov showed as early as 1940 the ne-
cessity for extending work on atomic technology in our country, but the war began. At the height of the war we
discovered that not only fascist Germany but also our own allies were clandestinely carrying out intensive work
on the creation of a nuclear weapon; and then in 1943 we began this research. Many institutes of the Academy
of Sciences, the biggest industrial organizations, and engineers were drawn to this type of work. Specialized
branches of scientific and industrial organizations were set up. Unimpeded contact and the concerted work of
scientists of various specializations, of industrial workers, and constant supervision and assistance by the Cen-
tral Committee of the Party led within only five years to the solution of a problem of immense complexity.

Our country was saved from the nuclear threat. (Applause). This was fundamental work, but its practical re-
sults were needed for the very survival of our country. '

And what is to be the future destiny of this fundamental line of research? Comrade delegates! You know
that on the basis of the resolutions of the 24th Congress of the Communist Party of the Soviet Union we have
developed atomic energy technology and in the Ninth Five-Year Plan we commissioned two more units at the
Novovoronezh Atomic Power Station, viz., the Kol'sk and Leningrad Atomic Power Stations, and assisted in the
construction of atomic power stations in the German Democratic Republic, Bulgaria, etc, The Leningrad Atom-
ic Power Station consists of units each of 1.10%: kW capacity, i.e., they are among the most powerful reac-
tors in the world. We have constructed a new, powerful atomic icebreaker, the "Arktika," and launched the
icebreaker "Sibir'." In the current five-year plan we intend to introduce atomic power stations of 12-15- 108
kW with units each of at least 1-108 kW,

Atomic technology is used today in thousands of plants to test manufactured goods by various methods;
during geological exploration for analyses of commercial minerals; and is widely used in medicine for the
diagnosis and treatment of a number of diseases... : '

Biology and agriculture use radiation to accelerate the selection of microorganisms and plants, For ex-
ample, the Institute of Cytology and Genetics of the Siberian Branch of the Academy of Sciences in conjunction
with the Institute of Husbandry of the V, 1, Lenin All-Union Academy of Agricultural Sciences created by means
of radiation mutation a new variety of spring corn, "Novosibirskaya-67." The variety is zoned, and by 1978 it
is proposed to sow it over 210° ha of land; this will give an additional 600- 108 kg of grain from the same land
since its cropping capacity is 1000-1500 kg above that attained up to this time.

Scientists continue to work successfully so that thermonuclear energy will not be used as bombs but in
controlled form for the productmn of energy. I am pleased to be able to inform the Congress that we have made
great advances here. (Applause)
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Declassified and Approved For Release 2013/04/10 : CIA-RDP10-02196R000700070005-6




Declassified and Approved For Release 2013/04/10 : CIA-RDP‘I0-02196R000700070005-6

We have the Tokamak~10 which Grigorii Vasil'evich Romanov neglected to mention although he was greatly
involved in its construction at the Leningrad plants. With this installation at the Institute of Atomic Energy we
already have an advanced thermonuclear reaction in the laboratory. (Applause),

Comrades' .In the area of thermonuclear energy technology we have made good progress not only in the

labo}atorles of the Institute of Atomic Energy but also in Leningrad, at the Physics Institute of the Academy
of Sciences, We now are confident that these enormous thermonuclear resources will be devoted to the service

of the people. (Applause).

The generation of energy in lower forms, exploration for and production of natural energy resources for
this, and 2 system of converting the energy into a lower form for consumption demand more than.50% of the
country's total budget. The structure of the thermal-energy balance must gradually change. This will also be
affected by the need for economy in the use of petroleum and gas so that they are used more efficiently, the
broadening of the range of uses of atomic energy, and the inclusion in energy production by the close of the
century of thermonuclear sources, magnetohydrodynamic generators, and new methods of energy transmission,
as well as new trends in energy use., Enlargement of units at power stations to a few million kilowatts and the
needs of energy transmission and of thermonuclear energy technology require the use of superconductors, etc.,
in electrical engineering. The involvement of many areas of science is needed for this,

The developments will also be long-term, e.g., the transition from the laboratory carrying out the thermo-
nuclear reaction, which we visited today, to an operationally profitable power station will take place, just as in
atomic energy technology in the last 15 years, and thermonuclear power stations will probably have capacities
of not less than 10-10° kW, thus requiring study of the problems of distribution to consumers and transmission
of the energy in the optimum form, :

Plainly we should not equate this long-term program with the concrete plan for the development of science
in the five-year plan — it must contain long-term technicoeconomic forecasts. This state program has scien-
tific, technical, political, and economic aspects and must be constantly adjusted and refined, Economists, geo-
logists, energy technologists, atomic technologists, and specialists in systems analysis in the Academy of Scien~
ces are united in the solution of this problem.

From the speech of the President of the Academy of Sciences, Academician

A, P. Aleksandrov,

447

Declassified and Approved For Release 2013/04/10 : CIA-RDP10-02196R000700070005-6




Declassified and Approved For Release 2013/04/10 : CIA-RDP10-02196R000700070005-6

20 YEARS OF THE JOURNAL "ATOMNAYA E‘?NERGIYA'f

The first issue of the journal appeared in May 1956. The world's first atomic power station at Obninsk
was opened in its second year. Our physicists and engineers had already delivered lectures at the Sessions of
the Academy of Sciences of the USSR and at the 1st Geneva ‘Conference, Atomic energy began to be used for
peaceful purposes and large reserves of information had accumulated at that time. To accelerate scientific
progress this information would have to be made available to a wide circle of researchers and engineers.
This task was assigned to-our-journal. . '

Naturally in the first issue of the journal an article was published on the world's first atomic power
station [1,2]. Its history and significance and the subsequent development of Soviet atomic energy technology
are not difficult to follow in the pages of the journal right up to the anniversary session, convened in Obninsk
in June 1974 {3]. At present, atomic energy technology, starting from a 5-MW reactor, has already commis-
sioned the 50th Anniversary of the USSR Novovoronezh Atomic Power Station (1455 MW) [4] and the V. I.

Lenin Leningrad Atomic Power Station (2000 MW) [5], not to mention several large stations in the construction
and planning stages [6]. High-capacity fast breeder reactors [7] are in industrial operation; these seem likely
to make an impbrtant contribution to the further development of energy technology, The 25th Congress of the
Communist Party of the Soviet Union took the decision to construct atomic power stations to a total capacity of
13-15.10° MW during the 10th Five-Year Plan, '

~ In the first issue of the journal we published information on an exhibition where a model was demon-
strated of an atomic-powered icebreaker that was then under construction [8]. The two atomic icebreakers

‘*Lenin" and "Arktika" are now operating successfully in northern waters; they have greatly expanded the pos- ‘

sibility of polar navigation [9] and a third, "Sibir'," has been launched.

Studies of the controlled thermonuclear reaction were from the very start one of the main concerns of
contributors to the journal. In the third issue we published Academican I, V. Kurchatov's widely noted lecture,
"On the possibility of producing thermonuclear reactions in a gas discharge," which was delivered on April 25,
1956 at the British research center at Harwell [10]. This reported for the first time the researches of Soviet
physicists, who observed the appearance of neutrons as a result of pulsed pinching of a deuterium plasma.

After this, publication of research into controlled thermonuclear synthesis began and the internation ex-

change of information started at conferences, seminars, and symposia. I. V. Kurchatov greatly expanded ther-
monuclear studies and attracted to them many physics laboratories in the country, The first advances in this
area were also reflected in the pages of "Atomnaya Energiya." = Later, however, our journals proved inadequate
for the publication of all the material, and so the new journal "Fizika Plazmy" (Plasma Physics) was created,
Studies have now reached the stage where there is a definite possibility not only of the actual construction of

a thermonuclear reactor but also of elucidating the many important characteristics of its equipment and of prepar-
ing for trials and operation installations capable according to calculations of giving an actual yield from ther-
monuclear synthesis, Great progress in this was made at the I, V, Kurchatov Institute of Atomic Energy with
the creation of installations of the tokamak type [11]. The Tokamak-10, completed in autumn of 1975, is one
of the most perfect modern thermonuclear installations. The state of research now urgently requires studies

of ways of developing thermonuclear energy technology and its efficient combination with nuclear-fission energy
technology [12]. :

The peaceful use-of nuclear explosions is beginning to acquire practical significance [13, 14, 15]. In the
large hydraulic-engineering plan to divert part of the flow of northern rivers to the south into the Volga basm,
nuclear explosions were considered a highly effective means of constructmg channels [16].

The pages of the journal have reflected the progress of fundamental scientific researches, The first issue
carried an article [17] describing the then largest heavy-particle synchrotron, the 10~GeV machine at Dubna,
Later large electron accelerators were built at Khar'kov, Erevan, and Tomsk, a heavy-ion accelerator at Dubna,

Translated from Atomnaya Energiya, Vol. 40, No. 5, pp. 367-369, May, 1976.
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a proton accelerator at Moscow, and one of the largest proton accelerators in the world, the 70-GeV machine at
Serpukhov [18]. It is equipped with large~scale research installations of Soviet ("Lyudmila") and foreign ("Mir-
abelle™ manufacture [L9-21], The use of the accelerators promoted the discovery of new phenomena in the
interactions of particles and nuclei and manifestly expanded and consolidated international scientific collabora-
tions. Some methods of research developed in our laboratories have been used in the subsequently constructed
giant accelerator at Batavia (USA) by a group of Soviet physicists working there in collaboration with the Amer-

icans.

Together with the principal lines of energy research other areas of science and technology were also
developed, united under the concept of atomic energy and by the subject matter of our journal, The industrial
use of research methods developed in physical and chemical laboratories has grown and spread; radioactive
isotopes as well as technical devices and materials created in the atomic industry have been assimilated in
the practice of many areas of the national economy. Information on the main advances in these diverse fields
has constituted one of the aims of the journal, and its pages have reflected many achievements of a practical
nature, such as nuclear instrumentation [22], activation analysis [23], nuclear geophysics, radiation chemistry
[24], dosimetry and radiation protection [25, 26], radioecology [27], and the presowing irradiation of agricultural
crops [28]. ’

The flow of scientific information sent to the journal is vast; consequently, in 1965 we introduced a method
for the deposition of papers that later was adopted by many other journals. The founding of new journals ("Yad- .
ernaya Fizika," "Fizika Plazmy," "Khimiya Vysokikh Energii," etc.) and of the collection "Voprosy Atomnoi
Nauki i Tekhniki" has lightened the portfolio of the journal, but the deposition of papers has been retained and
remains highly advisable. ' ‘

Atomic science and technology in the Soviet Union has made profound advances in the last 20 years, both
in important and subsidiary directions in energy research, and the editorial board and staff hope that the journal
"Atomnaya Energiya" has contributed to these achievements,

The quality and timeliness of the scientific information published in the journal depend on its numerous
authors and reviewers. The editorial board and staff acknowledge their services and share with them the satis-

faction of 20 years!' activities on behalf of Soviet science and technology.
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ARTICLES

STEAM-SUPERHEATING FUEL ELEMENTS OF THE REACTORS
IN THE I. V. KURCHATOV BELOYARSK NUCLEAR POWER

STATION
A. G. Samoilov, A. V. Pozdnyakova, UDC 621.039,54:621.311.2:621.039
and V. 8. Volkov S A oo _

inising direétions in nuclear power development is that of high-temperature thermal-

One of the most pro
s to compete with thermal

neutron reactors; the high efficiency of these reactors enables nuclear power station
power stations using organic fuels.

One of these is the high-pressure steam-superheating uranium—graphite reactor, which underwent its
initial develo;mient_ in the Soviet Union at the end of the fifties [L].. This reactor is one of the channel class,
in which the coolant pressure is taken up by individual, small-diameter channels, The reactor uses slightly
enriched uranium, the moderator is graphite, the number of fuel channels 998, of which 730 evaporating chan-
ided for the preheating and partial evaporation of the water of the first circuit (P ~ 150 atm,

t ~ 30%) and 268 superheating channels are used for superheat-
500° C) [1,2]. The superheated steam is passed directly, with-
ing channels to the turbine of the electrical generator, The
ded by a graphite reflector 0.8 m thick. The
dthe amount of 35U consumed

nels are prov
T ~ 340°C, mass content of steam at the outle
ing the steam of the second circuit (P ~ 90 atm, T~
out any intermediate heat exchanger, from the superheat
active zone of the reactor (7.2 mindiameter and 6 m high) is surroun
thermal power of the reactoris 285 MW, the rated period of a campaign 730days, an
during the campaign 243/198 kg (the denominator indicates the amount of fissile isotopes).

We see from the specification and parameters of the reactor that the fuel elements of the superheating
g conditions. Since this reactor constitutes a further develop-

channels are expected to endure severe workin
pt of

ment of the reactor used in the world's first nuclear power station, it retains the basic structural conce
a tubular fuel element, withstanding the coolant pressure during normal operation and preventing contamina-
tion of the circuit and turbine by fission activity should the fuel element lose its hermetic properties. The

designed operating conditions of the fuel elements are indicated in Table 1.

For the evaporating channels it is quite possible to use fuel elements similar to those of the first nuclear
power station, with the same fuel composition but slightly greater dimensions of the central and outer cans.
The question of using the same fuel elements in the superheating channels raised serious doubts and it was
considered essential to develop a more reliable fuel element. In creating a fuel element producing steam at
a temperature of ~ 500°C-and a pressure of ~ 100 atm and working under fairly severe thermal loads lay one

TABLE 1. Operating Conditions of the Reactor Fuel Elements [1}

Charact eris ﬁc Channel of max. power
EC* sct
Thermal flux, kcal/ (m?-h) 525108 480-10%
Max. coolant velocity, m/sec’ 0.0 57.0
Max. temperature, °C: :
inner fuel-element can 355 530
fuel composite 400 550
graphite 660 725

* Evaporating channel,
+ Superheating channel,

Translated from Atomnaya Energiya, Vol, 40, No, 5, pp. 371-377, May, 1976. Original article submitted

July 9, 1975,
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TABLE 2, Design Characteristics and Working Conditions of the Sﬁperheating Channels [6]

U-shaped channel with six fuel
‘s . elements for reactor of second unit
Characteristic Initial form. for . .
. i reactor of first |down-going fuel up-coming fuel
unit elements ‘elements

Max, channel power kW 368 767
Min. channel power kW 202 548
Steam flow through max,-power

channel, kg/h 1900 3600
Steam flow through min.-power _ )

channel, kg/h . 1040 2570
Press. at channel entrance, atm 110 132 124°
Press, at channel outlet,atm | = 100 -125 7 110
Steam temp. at channel entrance, °C 316 328 397
Steam temp. at channel outlet, °C 510 399 508
Max, thermal loading, kcal/ (m?h) . 480.103 820-10° 680-103
Max. steam velocity, m/sec , 57 76 112
Max. temp., °C: ‘ o

inner can of fuel element 530 426 531

fuel composite 550 482 565

graphite ' 725 735

of the chief scientific and technical problems besetting the development of reactors with nuclear steam super-
heating,

The main requirements imposed upon the fuel elements of the superheating channls are: good radiation
resistance over long periods, compatibility between the fuel-element materials, and between the fuel-element
can, the graphite stack, and the superheated water vapor, a reasonably high thermal conductivity of the fuel
composite (so as to avoid large temperature drops in the fuel element, thermal stresses, and the possibility
of exceeding the temperature limit of compatibility of the fuel-element materials), good heat resistance and
hot strength in order to ensure the mechanical wholeness of the fuel element during the entire operating period,
and corrosion and erosion resistance of the fuel composite in superheated steam so as to avoid loss of material
on dehermetizing the fuel element,

In designing the fuel elements, certain mutually exclusive requirements were encountered, and these had
to be met with a compromise solution. Thus, e.g., the requirement of a high mechanical strength in order to
ensure the wholeness of the fuel element, insignificant radiation damage, containment of ‘the fission products,
etc., contradictedthe requirement that rapid mechanical breakdown of the fuel element should occur after damage
to the central tube so as to ensure the rapid transfer of radioactive fission products into the reactor stack to-
gether with the stream of coolant, and hence prevent radioactive contamination in the circulation circuit and
the power equipment of the power-station machine room. '

In the initial analysis of possible methods of developing the steam-superheating fuel element, a number
of solutions characteristic of other reactors were rejected. In particular it was found unacceptable to consider
such heat-resistant materials as graphite-based dispersion-type fuel composites, or composites of uranium
dioxide and stainless steel as used in certain foreign developments ("Pathfinder" superheated-steam reactor
[3], the high~temperature gas reactors HTGR [4], "Dragon" [5], and others). The basis of our rejection of these
materials was as follows, It was impossible to use graphite as a construction material in a tubular fuel element
sustaining a high water-vapor pressure. The UO,— stainless steel composite was unacceptable owing to its in-
adequate thermal conductivity, since for a heavy loading of the reactor with uranium a fairly thick active layer
would be required and this would involve extremely high temperature drops. In addition to this, in view of the
mechanical characteristics of this fuel composite, it would be impossible to use a high volumetric proportion
of uranium dioxide, so that a high proportion of stainless steel would have to be employed and highly enriched
uranium would be required. ' : '

The development of the steam-superheating fuel element proceeded in several directions. After prelim- )
inary tests on the technology of making and checking the serviceability of fuel elements constructed in various
ways with various materials, a tubular fuel element with a stainless steel can and a uranium dioxide-base _com- .

posite fuel was chosen for more extensive deveIOpmént.
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Fig, 1, Basic construction of the steam-superheating channel and the

fuel element, a) Channel: 1) release of steam from the channel; 2) entry
of steam into the channel; 3) upper head; 4) sealing rings; 5) fuel element;
6) linear-expansion compensator; 7) lower head. b) Channel cross section:
1) graphite collar; 2) fuel element; 3) steam tube. c¢) Fuelelement: 1)
inner tube; 2) end cap; 3) outer can; 4) fuel composite,

In its initial form the fuel element was of tubular construction, formed by two coaxial cylindrical stain-
less-steel cans having dimensions of $9.4 x 0,6 and ¢$20 x 0,3 mm, containing spaces distributed along the
annular gap and connected at the ends of welding on end caps. In the annular gap between the inner and outer
cans, a fuel composite consisting of U0, fragments dispersed in a matrix alloy was placed,

The steam-heating channels containing fuel elements of this kind were similar in construction to the
evaporating channels, i.e., they consisted of six fuel elements arranged in a graphite collar around the central
steam-carrying tube. Passing along this tube the steam enters the central tubes of the fuel elements and is
superheated as it moves along them [6]. The construction of the steam-superheating fuel element and channel
is illustrated in Fig. 1, and the designed working conditions are given in Table 2.

Later a U-shaped construction of the steam-superheating channels was developed; this was distinguished
by the fact that the central steam tube was eliminated and the steam was superheated by successively passing
first through three fuel elements in a downward direction and then through three fuel elements in an upward
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Fig. 2, Cross section of the U-shaped channel and the fuel element:
Six-element channel (a); five-element channel (b); 1) inner tube of
the fuel element; 2) fuel composite; 3) outer can of the fuel element,

direction. In the place of the former central tube was a soft-regulation absorbing rod enabling the power of the
fuel channels to be to a certain extent equalized. This construction eases the operation of three of the fuel ele-
ments in the channel because of the lower temperature, and reduces the temperature of the graphite stack (~
100°C for a channel power of 360 kW), which favorably influences the working conditions of the graphite and the
physical characteristics of the reactor. The construction of the fuel elements was slighly altered in this kind
of superheating channel: instead of the central tube 9.4 x 0.6 mm in size we used a tube of 12 x 0.6 mm, al-
though leaving the can material and fuel composite as before. As a result of these constructional changes to
the fuel element and channel the hydraulic resistance of the channel was reduced,;while the reduction in the
thickness of the active layer led to a reduction in the nonproductive absorption of nieutrons and to an improve-
ment in the physical characteristics of the reactor [2, 6]. Channels of such a construction were used in the re-
actors of the first andsecond units of the power station, The design characteristics of these channels and the
working conditions of the fuel elements are shown in Table 2 and the construction in Fig, 2,

Efforts to improve the physical and thermotechnical characteristics of the reactor led to the further
modernization of the channel and a change of fuel elements; One of the fuel elements in the channel was re-
moved; the steam was then superheated in the five fuel elements (three down-coming and two rising). The inner
tube of the fuel element was increased to a size of 16 x 0,7, the outer to $23 x 0.3 mm. Following this re-
construction the physical and thérmqtechnical characteristics improved sharply as a resuit of a reduction in
the volume of matrix material in the fuel element and an increase in the open cross section of the channel,
Superheating channels of this construction are being placed in the reactor of the second unit of the power std-
tion whenever the existing six-element U-shaped channels are exhausted and require renewal [7). The basic
construction of the channel and fuel elenient is presented in Fig, 2.

As can material of the steam-superheating fuel element we use stainless steel, which has a considerable
corrosion and erosion resistance in high-pressure superheated water vapor, excellent mechanical character-
istics, and an acceptable thermal conductivity, and is technologically convenient in the manufacture of the fuel
elements (product_i_on of long, thin-walled tubes, welding, deformation, and so on). :

As fuel composite for the steam-superheating fuel elements we usé UO, fragments dispersed in a matrix
‘alloy. Uranium dioxide has a number of favorable properties leading to its choice as fissile component: It is
inert with respect to high-temperature water and steam, compatible with many construction materials (includ-
ing the stainless steel used for the cans), has a fairly high radiation resistaiice, and contdins a great deal of
uranium. A serious disadvantage of uranium.dioxide is its low thermal conductivity, which prevents its use in
pure form as a nuclear fuel in a tubular fuel element with unilateral.heat take-off. The tempeérature at the
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TABLE 3. Average Characteristics of the First Unit of the Beloyarsk
Nuclear Power Station before and after Installing Standard Superheat-

ing Channels {8]

Before use of |After intro-
Characteristic stear.n-super- ducing fc’u-

heating ele- |perheating

ments elements
Electrical power of unit, MW 60-70 100-105
Steam press. in front of turbine, atm 60-64 80-85
Steam temp. in front of turbine, °C 395-405 490-505
Press, of exhausted steam, atm 0.09-0,11 0,035-0,04
Water flow in 1st circuit, tons/h - 1400 2300-2400
Press, in separators, atm 95-100 120-130
Gross efficiency,% 29-32 35-36
Specific flow of steam, kg/ (kW-h) 4,6-4.9 3.8-4.0
Expenditure of electric power on :

10-12 7-9

internal requirements, %

surface of the fuel element should never exceed 630-650°C, the temperature of the steam being ~ 500°C; hence
the total temperature drop in the fuel element, including the temperature drops in the outer and inner cans, in
the fuel layer, in the core-can contact resistance, and in the coolant layer close to the walls should not exceed
100-120°C. Thus uranium dioxide may only be used subject to its dispersion in a matrix with a high thermal

conductivity,

The matrix alloy developed for this purpose has a high thermal conductivity, so ensuring a high thermal
conductivity of the whole composite and satisfying the condition that the overall temperature drop in the fuel
element should lie below 100-120°C, The alloy is compatible with UO, and stainless steel, its melting point is
well above the maximum fuel-element working temperature, it is corrosion and erosion resistant in water
vapor, its thermal-expansion coefficients ensure the absence of serious thermal stresses during the heating
and cooling of the fuel element, the mechanical characteristics satisfy the demands made regarding the ade-
quate strength of the fuel element, while providing for its breakdown by the pressure of the coolant if the inner
tube should rupture. A shortcoming of the matrix alloy is its relatively high neutron capture cross section,
However, this disadvantage is compensated by the fact that the number of superheating channels in the reactor
is only ~ 27% and the volume of the alloy inthe composite is relatively small. Hence the use of steam-superheat-
ing fuel elements with the foregoing fuel composite has no serious effects on the physical characteristics of the

reactor.

A great complication in the fuel-element manufacturing technology was the size of the element (active
length 6 m) and the necessity of ensuring fault-free thermal contact between the fuel composite and the inner
can, as well as the requirement that the uranium distribution should be very uniform. Considerable difficulties
also arose in developing methods of testing the quality of the fuel elements. The technology eventually devel-
oped overcame these difficulties, was adopted by industry, and ensured the production of good-quality fuel
elements, Before placing the fuel elements in the reactor their characteristics were analyzed comprehen-
sively in various test systems and their efficiency was verified by tests in the loop of the First Nuclear Power
Station reactor.

The reactor in the first unit of the Beloyarsk Nuclear Power Station started operations in April 1964,
and evaporating channels were initially used for superheating the steam. At this time the steam temperature
was no greater than 400-410°C and the electrical power 60-70 MW. In November 1966, 20 experimental
superheating channels were installed in the reactor, and in July-August 1967 all the heating channels used for
superheating the steam were replaced by standard superheating channels, The use of the superheating fuel
elements greatly improved the thermotechnical and economic indices of the NPS: The reactor was raised to -
its rated power, the efficiency of the unit and the power production were increased, and the expenses were-
lowered [8]. The average service characteristics of the first unit before and after installing the standard su-

perheating channels are shown in Table 3,

The reactor of the second unit was furnished with standard superheating elements from the very begin-
ning .- On initial operation in 1967 the charging of the fuel channels was incomplete: 452 evaporating and 138
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superheating channels., Complete charging (732 items) was effected in 1968 and complete charging with super-
heating channels (266 items) in 1969. The thermal power of the reactor was twice that of the first unit and
amounted to 560 MW, Hence the specific power of the fuel and the mean thermal loading in the fuel elements
of this reactor were also twice those of the first unit, The reactor of the second unit also differs from that of
the first unit in having a one-circuit cooling system; the water in the evaporating channels is preheated and
partly evaporated, while the steam separated from the water in drum separators passes into the superheating
channels and is superheated in the fuel elements of these.

At the present time the fuel elements of the evaporating and superheating channels have operated for
quite 2 long period in the reactors of the first and second units, and it has become possible to assess their
true efficiency under full-scale condmons as well as the technicoeconomic indices of the NPS, and also future
prospects. Details were presented in earlier papers {7, 9]; in the present art1cle we present only information
relating directly to the steam-superheating fuel elements.

Since 1967, 300 superheating elements have been installed in the reactor of the first unit and about 30
have been taken out for various reasons (failure due to errors of the service personnel, damage in the eoolant
tract, and manufacturing faults, as well as for test inspections and monitoring). The remaining superheating
channels continue satisfactory operation, none having failed as ‘a result of radiation damage to the fuel elements
or the incompatibility of their materials; premature extractions of the channels have been reduced to individual
cases in each year. In view of the low burn-up intensity, the fuel elements have not yet reached the rated energy
development of 720 MW - days per channel, and in order to exhaust the rated reserve they will have to operate
in the reactor for another three years, when their total operation in the reactor will amount to about 10 years.

Over 450 superheating elements have been installed in the reactor of the second unit since 1967, In this
time about 200 channels have been extracted for partial recharging and replaced by fresh six- and five-element
superheating channels. The mean energy development of the discharged channels is 600-850 MW . days per
channel, or 18-26 MW - days/kg U; their service life in the reactor has been five to six years, with over 200
complete cooling and heating cycles. Some of the discharged (incompletely used) channels have been installed
in the reactor of the first unit for further burn-up. Over the period indicated only eight channels were pre-
maturely extracted from the reactor of the second unit because of the breakdown of service conditions or for
test inspections and monitoring.

The maximum energy development of the superheating chammels working in the reactor of the second
unit is 950 MW-days per channel,* Since the frequency of the premature extractions of the channels is
apparently not increasing with time, it has been decided to increase the energy development of a con-
siderable group of channels to 1200-1300-MW - days per channel (37-40 MW -days/kg U). Failure of the
five-element channels has never yet been encountered; the energy development achieved is 275 MW .days
per channel (the rated energy development is 980 MW .days).

Accounting for channels failing for constructional-technological reasons (experimental channels and
channels failing because of a breakdown in service conditions not being taken into consideration), the proba-
bility of the fault-free operation of the superheating channels up to the rated energy development of 720 MW .
days per channel is over 0.96, which is a very high value. Analysis of the operation of the superheating chan-
nels indicates that these have still not reached their limiting energy evolution.

During the operation of the superheating channels, considerable adjustments have been made to their
temperature conditions. Initially the maximum temperature of the steam at the outlet of the superheating
channel was limited to 5L0°C, However, the good results achieved in the use of steam-superheating fuel ele-
ments enabled this to be raised to 535°C in 1967 and 545°C in 1969. Prolonged service (more than four years)
under these conditions has in no way reduced the efficienéy of the fuel elements, so that in 1973 it was decided
to raise the temperature at the outlet from individual channels to 560—565°C '

The high reliability of the steam-superheating fuel elements has ensured stable operation of the reactor in
the nuclear-superheating mode of operation, and has constituted one of the main factors in ensuring a high
efficiency and relatively low net cost in electrical power productlon In the period 1970-1973 the mean net
cost of electrical power in the Beloyarsk NPS was 1,15-1.16 for the first and 0.92-0.93 kopecks/ (kW - h) for
the second unit. The net cost of electrical power in the second unit equals the mean net cost of electrical

*As at the end of 1975 the energy development of the superheating channels was 1150 MW .days — Edi’_cor.
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power in thermal power stations in the Ural region; this makes the second unit competitive with ordinary
thermal power stations [7,9]. ‘ '
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SOME PHYSICAL INVESTIGATIONS IN BFS-1 FAST
CRITICAL ASSEMBLIES ‘

V. A, Dulin, Yu. A, Kazanskii, ' UDC 621.039.526:621.039.519.4
V. F, Mamontov, and G, I. Sidorov

The accuracy with which the fundamental physical characteristics of prospective fast reactors may be
predicted is as yet far from adequate, Systems of nuclear-physical constants and computing methods are there-
fore usually checked by reference to integrated (macroscopic) experiments in fast critical assemblies [1-4].

TABLE 1, Tablets of the BFS-1 Critical

Assembly
Material Index ' ’Iﬁiékhess. mm
235(] % ' (5),3
vog 3 9,5
2opyT 4 2,4
Nal v 5 10
C 6 10
Steel ; 1?)

Al ’ 19

n an alaminum can 0.3 mm thick. |

+In a stainless steel can0.3 mm thick.

Translated from Atomnaya Energiya, Vol. 40, No, 5, pp. 377-381, May, 1976. Original article submitted
November 27, 1974, ’

This material is protected by copyright registered in the name of Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part
of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying,
microfilming, recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $7.50.
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TABLE 2, Composition of the Unit Cell TABLE 3, Homogeneous Nuclear Concen-
' , trations of the Central Insertlons °10%,
Assembly [Cell . Indices of materials’ : nudel/ em?
=
2
BFS -22 | A |35253553535253532535235 Asembly|Z | o | o [ 2 | & <8
BFS .23 A |535435353453534535354353 ' : Of 3 3 3 g1lg Qe ) }_’.’5
A | 6967692676967 Sl N S Mol o Zh=)
BFS -26{ B 161018161018161018160181610118161018 BFS -22 | A|1,44]7,76) — (7,29 — 10,5 | 2,48|14,5
B | 608608608111111111111111111608608608 BFS -23 |A| — 16.47(1,07[7.28| — [13.0 | 1.93/16'9
A | 5856526565 BFS -26 |B11,2110,14| — | — [28,8] — [12,5 [20.9
BFS -27{ B [115116115116415116415416115 BFS -27 |B|1,57)0,18) — |7,67(24 | — | 6,57 3,95
B |565651111111111114111116565 BFS -28 |B|2,32(6,34| — | — |'— 112,3 1204
i 28 A 9392393 BFS -30 |B[2,30!6,30| — [6,63] — (12,12 9,3 3,14
BEFS - { B |111911131119111314191143 '
A 5352353 Note. The critical assembli -
BFS-30{ | B |411514131145111311454143 semblies contained traces of hydro
B |555114114441414114111333 gen owing to the presence of glue in the sheaths of the
sodium and 5 mm uranium tablets (Table 1, index 2).
The maximum possible H concentration, referred to the
* Table 1, column 2. . concentration of 2%, was 3% in BFS-22, 1% in BF$-23

‘ (referred to #*%$u), 0% in BFS- 26, 1%1in BFS-217, 0% in
BFS-28, and 1% in BES-30,

The accuracy of calculations relating to a number of characteristics has-been studied on various occa-
sions using the latest critical assemblies (BFS-22; 23; 26; 27; 28; 30) [5~7]. Measurements have included the
central reactivity coefficients of the main fissile elements (*¥U, 238y, 23%py), as well as elements with well-
known cross sections, including those of the absorbing (\°B, !*'Au, Li) and scattering ('H, 12C, 2*Na, Pb) classes.
The ratio of the cost of the generated neutrons to the cost of the absorbed neutrons and the ratio of the
reaction rates of a number of fissile and absorbing elements have been measured. The neutron spectra have
been determined in the critical assemblies BFS-26, 27, 28, and 30 [8, 9], The results presented in this paper
constitute a refinement of the data presented in [7]. . '

The results of the experiments were compared with calculations using the 26~-group BNAB-70 system of
constants {2, 3], Corrections chiefly associated with the finite dimensions of the samples and the heterogeneous
structure of the critical assemblies had to be introduced into the experimental data, The values of these cor-
rections were determined experimentally and also by calculation. An analysis of the estimated experimental
data revealed the principal reasons for the differences between experiment and calculations. The cha;raicter
of the discrepancies demanded some specific changes in the macroscopic constants.

In this paper we shall briefly describe the critical BFS assemblies and the experimental techniques,
verify the methods of introducing the corrections, and present the principal expenmental results together
with the results of homogeneous calculations, :

A detailed description of the BFS-1 installation was presented earlier [10]. The critical assemblies
were made up of tubes containing tablets of construction and fissile materials 46 mm in diameter. The thick-
ness of the tablets was varied from fractions of a millimeter to 10 mm (Table 1). The existence of thin U
tablets enabled us to create critical assemblies with different degrees of heterogeneity in the center of the
active zone ("homogeneous" insertion pieces). - The homogeneous insertion pieces were situated in the center
of the active zone and comprised 57 cells (in 19 central tubes with three cells in each),

Table 2 shows the composition of the elementary (umt) cells of the critical assemblies, A represents
a cell of the active zone and B a cell of homogeneous insertion. The concentrations of ¥U and ?*U’in the A
and B cells are well known (error no worse than 0.5%) and differ from one another by no more than 3%. Table
3 shows the homogeneous nuclear concentrations of the central parts of the active zones. The rema.mmg zones
and the reflector of the critical assemblies were described i in more detail in [11].

The reactivity introduced by the sample was determined by measunng two asymptotlc periods of the re-
actor (with and without the sample). The mean square error of the measurement was (1—-3) 10-" AK/K for a
mean scatter of 5-10~7 AK/K in an individual measurement.

For measuring the spectral ratios of the indices of the fissile elements we used fission chambers con-
taining 255y and 23%py and chambers containing natural uranium, The captures in 197Au were recorded by ref-
erence to the residual y activity. We used the method of calibration in a thermal column

The (ab‘c”)/ (0%39) ratio was also measured by an absolute method. The absolute rate of captures in gold
was determmed by the B v coincidence method and also by determining the total number of 1nteract1ons in an
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TABLE 4, Central Reactivity Coefficients

|Assembly Cell 235U 230Py SLi B 197Au 1H 12 2Na 208P])
BFS -22 A 4,484-0,03] 6,500,086 — —4,93++0,10| —1,22+£0,018;  — — . |-0,0046+0,0020f - —
BFS -23 A 6,05+0,06| 8,1+0,13 —  |-6,83+0,3 ] —1,8:£0,02 — — — -
- Boet 8,47;0,14 11,8+0,25|—10,6:0,25 — —14,3 1,5+0,03] 0,156+0,003 — -
Bpom |7-66:£0,08[10,35:£0,16|—8,45:£0,2 | —28,0:£0,4 —8,88:£0,3 | 2,1=:0,07} 0,1740,006 — —
s 7 Bt [6,27+0,10 —  |—8,45+0,15|—18,5::0,6 | —6,22-0,16 |2,22:£0,06 - — -
Bhom | 8:2%0,1 9,304-0,16|—5,77+0,15—16,8£0,6 | —5,54+0,14 2,24-:0,06| 0,168£0,003 — —
BFS -28 Bhom 8,150,04| 12,9+0,1 —3,75:t0,06—7,90i0,19—1,645.:l:0,0181,73i0,03 0,047+0,001 - —0,056+0,005
Bhet. | 7,320,09f - — |—3,7620,08/—7,59:0,08 — [1,83:+0,03)0,0703-20,004 — —0,05+0,01 |

BFS. -30 .
: Bhom |7:240,08 11,6+0,16(—3,69+-0,09|—7,54£0,08)  1,7020,04 1,89-+0,03[0,07140,0015] 0,0472+0,002 —0,056+-0,005

TABLE 5. Ratio of the Averaige Cross Sections to the Fissidn Cross Section of 2*Pu and.,
the (&%) /(37 ) Ratio '

Assembly Cell 28y - 17w 288U @D /@
‘BFS-22 A 1,0040,02 | 0,302:0,01 — 0,97-0,03
BFS-23° A 1,03+0,02 0,374:0,01 0,024040,0005 —
BFS-26 Bhet — 0,69+0,02 — —
BFS-26 Bhom 1,03+0,02 . 0,60£0,02 0,0227:£0,0005 0,706540,025
BFS-27 Bhet 0,99+0,02 0.510,01 0,0300-0,0006 0,80-£0,02
B 0,984-0,02 0,494-0,01 0,032240,0008 0,8040,02
BFS-27 hom (0.50-0.01) *
BFS-28 B 0,91520,020 0,2074-0,005 0,0341+0,0008 1,010,019
: hom : (0,212%0,003) *
BFS-30 Bhet 0,91+0,02 0,220+0,005 0,0365-£0,0008 — .
BFS-30 B 0,922-0,02 0,218+0,005 0,0369-£0,0007 0,88+-0,015
hom : . (0.2223-0,003) * .
* The ratio was measured by determining the absolute ca'pﬁ_xre rates in gold and the fission rates in plutonium.

NaI(T]) crystal. The absolute number of fissions was measured with a charﬁber containing a known number of
239py nuclei and an experimentally determined fission-recording efficiency [12].

The ratio of the cost of the fission neutrons to the cost of the neutrons absorbed in the gold (% 37)
was determined by measuring the reactivity pe, introduced by the absorbing sample (gold) and the absolute
rate of absorption in gold Ng, aS well as the pseudoreactivity péf of a %2Cf spontaneous-fission source of
Inown absolute activity [13]. The activity of the 2Cf was determined by several methods, the error being
~ 0.6%. :

One of the aims of these experiments was to study the influence of the heterogeneity of the critical
assemblies on the measured functionals, For this purpose we introduced homogeneous insertion pieces’
into the BFS-26, 27, 28, and 30 critical assemblies, which enabled us, on the one hand, greatly to reduce the
influence of heterogeneity, and on the other to measure effects due to the heterogenization of the insertion
pieces (Table 2). Tables 4 and 5 give the results of measurements in homogeneous and heterogeneous inser-
tions, We see from Tables 4 and 5 that in certain cases homogeneous insertions change the measured func-
tionals very substantially. Estimates regarding the influence of the finite dimensions of the homogeneous
insertions and the magnitudes of. the heterogeneous effects in the BFS-22 and 23 critical assemblies will be
given later. Another aim of the experiments was to allow for the finite dimensions of the samples.

There are several ways of describing the calculated dependences of the effects under consideration on
the sample dimensions; these are based on the fact that the neutron spectrum in the sample differs from the
~ spectrum obtained before introducing the sample. In order to find the average flux pertubation in the sample
we must allow for the resonance and nonresonance neutron absorption, the slowing down of the neutrons in

the sample, and also their multiplication (breeding) in fissile samples. The resonance’ absorption was
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»

Fig. 1. Specific reactivity (per unit mass) and
activation of the samples as functions of their
dimensions: a) — ,0) calculated and experi-
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TABLE 6. Comparison between Certain
Computed and Experimental Results

Assembly, cell
Material [BFS-22[BFS-23|BPS~26{BFS-27/BFS~28[BFS-30
A Bhom
(0i/p23%) exP/(Pi/Pus)dlc ,
- 239py 1,03 | 1,035| 1,015] 1,00 | 1,05 | 1,02
1974y 1,27 [1,37°11,25 | 1,43 | 114 | 122
108 1,27 14,38 [ 1,20 1,20 | 1,211 1,32
8Li — ] = 16 | 142 100 1.01
1H — —_ 1,03 1.12 | 1,64 1,49
120 — | — f1,11 | 1,081 4.7 | 1.85
208p} — | — = = = 110
23Na 0,33 — | — — | — | 38
2380 — | 1,08 — — | — {08
(onKo¥ =} exp (o) / (05 )cale
239py 1,02 11,03 11,12 | 1,09 1,06 | 4,03
1974y 1,47 [ 1,15 | 1,18 | 1,29 | 1.10 | 1)17
238/ — 0,9 [1,03 | 0,8} 0,9 | 0,8
(DD exp/(@PADE)ea10
— I o,915l — |1,02 l 1,01| 1,01| 0,97

accounted for on the Wigner approximatjon [14], using the theorem of equivalence and the coefﬁments of reso-
nance self—screenmg employed in the BNAB system [2, 3],

The perturbed group neutron flux in the samples may be‘defined [15] as

17 (00) 0 T+ 1} (05) 0,] (o’ +0,)
(03+)) If? (90) Of-+1 (00) 0L +12.00) o300

;=D

where o'J o}, o-ga are the average group cross sections for capture, fission, and elast1c scattering; fi fJ fJ

are the correspondmg resonance self-screening coefficients; op are the potential scattermg cross sectlons

of the sample;: N is the density of the nuclei in the sample; . oy = (lN) 1. lis the mean size of the sample. Allow-
~ "ance was also made for neutron breeding [15]. The depression of the neutron flux close to the sample was

~ - allowed for by the method described in [16].
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Figure 1 illustrates the measured and calculated reactivity and activation of various elements. The
accuracy achieved in calculating the dependence on sample size was governed by a large number of factors:
the accuracy to which the group fluxes and cost of the neutrons in the critical assembly (as well as the cross
sections and coefficients of resonance self-screening) were known, the validity of the method of description,
and so on. Hence a formal approach (without knowing the experimental relationship) may lead to extrapolation
errors, Thus we. seé:fiom Fig, le and f that for the BFS-26 the calculated description of the relationship is
excellent, while for BFS-28 and 30 there is a considerable discrepancy. As we shall subsequently show, the
reactivity of hydrogen in BFS-28 and 30 is poorly predicted by calculation. Changes in the cross sections lead-
ing to such changes in the flux and cost function of the neutrons as will reduce the discrepancy between the
experimental measurements and the calculation of the actual reactivity coefficients of hydrogen tend to pro-
duce a better description of the relationship for this sample (broken lines in Fig, le and f) [7]. ..

Thus an iterative process is required in order to give a valid description of the influence of sample
dimensions. The results obtained by extrapolation are, in our own opinion, reliable from the point of view
of interpreting the difference between experiment and calculation, s o

Table 4 gives the experimental central reactivity coefficients of fissile, absorbing, and scattering ele-
ments (in Beff /mole of the principal isotope), extrapolated to zerc sample dimensions in accordance with the
method presented. The errors indicated include statistical errors and those due to the extrapolation, The
mean square measuring errors are shown in Fig. 1. For the smallest samples these are usually no greater

than 1-1,5%.
In the ratios of the cross sections (Table 5) the statistical errors were no greater than 0.5%, the errors
of the reference constants 0.5%, the errors in the isotopic composition of the natural uranium 0.5%, and the

errors in integrating over the cell 1-1,5%,*

The errors in ‘(<I>§) /¢ <I>4c’) comprise errors in the central reactivity coefficient of gold referred to the .
pseudoreactivity.of the californium source, and errors in determining the absolute rate of absorption in the

gold sample (used when measuring the central reactivity coefficient of gold) and the absolute activity of the
californium neutron source,. . :

Table 6 compares experiment with the homogeneous calculation for the central reactivity ratios and the
ratios of the mean cross sections at the center of the reactor, The calculation was carried out in the py approx-
imation. The differences between the calculated and experimental data usually exceed the experimental error
by a factor of several times, It is reasonable to assume that these discrepancies are largely due to indeter-
minacies in the system of group constants. In order to discover the constant component of the error it is
essential to allow for the limited dimensions of the homogeneous insertions, the residual heterogeneity, the
influence of errors associated with the averaging of the cross sections, and so on, An analysis of the reasons
for the observed discrepancies will be presented in the second part of this paper. ‘
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SOME RESULTS OF POSTREACTOR TESTING OF SIX ELEMENT
THERMIONIC UNITS OPERATING FOR 2670 h

G. A. Batyrbekov, E, S, Bekmukhambetov, . UDC 621.362:621,039.577
V. I. Berzhatyi, S. E. Ermatov, " '

Sh. Sh, Ibragimov, V. P. Kirienko

B. S. Kurmangaliev, M. V. Mel'nikov,

V. V. Sinyavskii, Yu. A, Sobolev,
~and Yu. I. Sukhov o

The basic results of tests conducted in the channel of a reactor on the long-term performance of an
ES-6-3 six-element thermionic unit were reported in [1]; the electrogenerating elements of the unit had her-
metic emitter points. The elements had the following parameters: The emitter material was a tungsten—rhe-
nium alloy (27% Re); the collector was niobium; the collector insulation was alumina; the distance-piece was berylli-
um oxide; the fissile material was uranium dioxide homogeneously dlluted with 20% tungsten; emitter diameter
10 mm; interelectrode gap 0.3 mm. The unit operated in the reactor for 2670 h under thermal radiation ensur-
ing a mean electric-power output of ~ 7 W/cm?, For constant test conditions, the electrical power remained
constant but, after any interruption of reactor operation, the return to the previous thermal power period produced a
somewhat reduced value of the electrical power, The main ¢ause of this discrete reduction in power [1] is
short-circuiting of the elements and increase in the collector temperature considerably above the optimum on
account of cleavage of the multilayer collector assembly during the thermal fluctuations, while other factors
may be the increase in heat loss from the emitter as a result of embedding of the dlstance—plece in the elec-
trode material and the increase in heat loss through the cesium vapor and gaseous fission products due to de-
crease in the interelectrode gap as a result of swelling processes,

In order to confirm experimentally the proposed explanation of the reduction in electric power, the therm-
ionic unit was subjected to postreactor investigation in a hot cell, The present paper gives a brief account of
the main results for the emitter points and the collector assembly.

Emitter Points, The surfaces of all the emitters were clean and bright, although strongly recrystallized
along the whole length; only the area of the emitter adjacent to the dlstance-plece remained unrecrystallized.
The diameter of all the emitters was increased; of the. elements investigated (one was not investigated), all
but one had 2 maximum diameter larger than 10,5 mm, The central emitter was the most strongly deformed,

Emitter No. o
J”w 1 2_ 3 -4 5 &
"g‘ 59+ || — || ~—
Sa__ |l
B 4 : Fig. 1, Change over the height of the unit of the
© a0 j - _ S thermal—energy density, temperature and emit-
e 2000l 1 /\ /\ /\ \l{ - . ter diameter: ®, A) change in dlameter of cali-
SN _ ' '—\ " brated dlSk of he1ght 3 and 15 mm, respectively.”  °
g 1850 - :
15|
&Y

Translated from Atomnaya Energiya, Vol. 40, No, 5, pp. 382-384 May, 1976 Ongmal article submltted
April 23 1975,
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of. this pu‘blu'anon may be reproduced, stored in a retrieval system, ‘or transmitted, in any’ form or by any means, ‘electronic, mechanical, photocopymg
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and its hotter end was convex. The smallest increase in diameter was that of one of the outer elements (No.
6), which had a maximum diameter of 10,3-10.4 mm; however, this element had a depression of depth 0.05-
0.07 mm. The increase in diameter was not uniform along the length of the elements, the diameter at the ends
of the elements being close to its initial value. The change observed in the emitter diameter along its length
is shown in Fig. 1. All the emitters were observed to have an indentation caused by the distance piece with a
maximum depth of up to 0.2 mm.

Collector Assembly. The inside surface of the niobium collector was bright in its initial state, but after -
the test it had a gray coloration with spots of tarnish. The alumina insulation was strongly joined to the col-
lector; it did not peel when cut, nor crack when the assembly was deformed., ‘The outside surface of the insula~-
tion had lost its initial pure white coloration, and was light gray. The nickel substrate between the insulation
and the supporting tube was also firmly joined to the supporting tube and the insulation in its initial state, but
was easily separated from them at the end of the experiment; in the gap between the substrate and the support-
ing tube cesium compounds were observed., This confirms the assumption that there is cleavage of the collec~
tor assembly in the course of testing and that cesium vapor penetrates under the supporting tube (through a
nonhermetic intercollector ceramic casing) because the contact between the substrate and the supporting tube
is not gas-tight and evidently changes in the course of testing.

On the inside surface of all the collectors there were single defects in the form of dark spots (indenta-
tions), ~ 1 mm or less in size, or groups of smaller spots with aureoles of a different color. The reason for
the appearance of these spots is not yet known,

The indentations in the collectors caused by distance-pieces increased in depth and width during testing.
For a distance-piece diameter of 0.7 mm (2] and an indentation in the collector beneath the distance-piece of
initial width 0.8 mm, the width of the indentation after testing was up to 3 mm. All the indentations were
rounded at the edges. However, none of the distance pieces themselves were destroyed during testing, nor was
the intercollector ceramic casing,

Discussion. Postreactor investigation of the £S-6-3 thermionic unit confirmed the basic hypotheses as
to the causes of the reduction in power of the unit during long-term testing. It was confirmed experimentally
that there is cleavage of the collector assembly, which must lead inevitably to a sharp increase in the thermal
resistance of the assembly, and a corresponding rise in the collector temperature above the optimum; this in
turn leads to a reduction in the electrical power for approximately parallel shifts in the volt—~ampere charac-
teristic, The high collector temperature is also indicated by the spots of tarnish on its inner surface.

The experiment also confirmed that there is a decrease in the interelectrode gap due to swelling. This
leads to a short circuit of some elements and increases the heat losses from the emitter to the collector due
to the increase in the effective thermal conductivity of the interelectrode gap and the region around the dis-
tance-piece, resulting in a corresponding reduction in power, '

The thermionic unit tested had hermetic emitters, When the unit was irradiated, gaseous fission products
collected in a central cavity of the core formed as a result of the transfer of uranium dioxide at the working
temperature and temperature gradient. The creep of the emitter shell under the action of the gaseous fission
products should be calculated according to one of the basic mechanisms of deformation of the emitter points,
Calculations by the method of [3] showed that, for a mean emitter temperature of 1800°C for the £ S-6-3 unit,
the time in which the diameter of the tungsten— rhenium emitters increased by 0.5 mm was ~1000 h. In fact,
it is possible that the operating characteristics of the elements also show the effect of other factors which may
lead to improvement or deterioration in the performance. Thus, e.g., when the unit was tested, loss of hermet-
icity of the emitter shell was observed for several elements, associated with the periodic release of gaseous
fission products [1]. This loss of hermeticity, evidently connected with the formation and subsequent mending
of microcracks in the hermetic emitter shell, should lead to improvement in the performance-of the element.
Some improvement also should result from the gradual decrease in the emitter temperature on account of the
increase in heat losses from the emitter with decrease in the interelectrode gap.

The performance of the unit may be worse than calculated as a result of the following effects: In the ini-
tial stages of testing (at least up to the first loss of hermeticity of the emitter shell), the emitter deformation
is increased by the pressure of the residual gas in the porous uranium dioxide; displacement and misalignment
of the emitters with respect to the collectors may lead to a decrease at certain points in the width of the inter-
electrode gap, which decreases the time of locking of the electrodes; similarly, the interelectrode gap is re-

“duced as a result of plastic deformation (compression) of the collectors rigidly connected to the graphite bush
of the heat-regulation system, : :
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- The results of the experiment showed that that there is relatively good correlation between the change
in diameter and the distribution of the thermal—energy density and temperature of the emitter over the helght
of the element m the umt (see Fig. 1).

The distribution of the heat emitted was measured up to the beg‘mmng of testmg on a physical model of

the unit in the form of a steel shell inside wh1ch in a graphite seal, were mounted models of the elements:
six small tungsten tubes containing a uranium dioxide pellet The heat emitted was measured by two 1ndepen—
dent methods: by autoradmgraphy, using a detector giving a spatial picture of the d1str1but1on of the heat emis-
sion over the volume of the core, and by the calorimetric method, using a thermal-radiation heat-flux divider,
The measurements showed significant nonuniformity of the heat emission over the helght of the unit: The mean
taken over the core volume of the relative density of the heat emission is larger by a factor of 1, .37 in the

central elements than in the outermost elements, and larger by a factor of 1.28 overall than in the outermost
elements. Nonuniformity of heat emission is also observed over the height of md1v1dual elements especially
the outer elements (see Fig. 1),

sing the data obtained on the distribution of heat emission the method of [4] gives the temperature
distribution for the emitters of the tested unit in conditions correspondmg to the beginning of testing. The re-
sults of these calculations are also shown in F1g. . :

CONCLUSIONS

The results of postreactor investigation of a thermionic unit with hermetic emitters operating in the re-
actor for 2670 h confirmed the proposed explanations of the decrease in electrical power of the unit during
testing. In order to improve the performance of similar units, it is necessary to develop a collector assembly
with stable thermophysical properties and to arrange for the continuous removal of gaseous fission products
from the emitter points, ' '
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EFFECT OF HETEROGENEITY ON THE MEASUREMENT
OF INTEGRAL PARAMETERS IN SUBCRITICAL SYSTEMS

., Yurova, A. V, Bushuev, UDC 621.039,519.4

L. N
V. 1. Naumov, V. M. Duvanov,
N. N. Khrennikov, and V. N, Zubarev

Integral experiments associated with the measurement of relative reaction rates have an important place
rameters that characterize physical processes in thermal reactors are

the effective resonance integrals, the ratios (o%)/ (G%E’); (o /oty p%8; 628, 6%, The accuracy of these

parameters that is required at present is 2-3%.
By using a reactor as a neutron source, it is possible to measure basic integral parameters in subcriti-

cal systems of relatively small dimensions [L]. Measurements in heterogeneous subcritical systems present

the problem of creating conditions such that the neutron spectrum in the experimental system is comparable

to the spectrum in a critical system of analogous structure.

Interpretation of the results of experiments on subcritical systems is usually based on the theory of a
physical parameter [2] and, more precisely, on the possibility of separating the energy and space variables
in the region in which the neutron spectrum is set up. By separating the variables, it is possible, in parti-

cular, to obtain the value of the physical parameter

, ne= a"l ——ﬁz . 1)
from the measured axial distribution of n
ai associated with the transverse dimensions of the system, The theory of a physical p
cessfully applied to heterogeneous systems with a sufficient number of cells which can be considered as quasi-
homogeneous. However, in those cases where the subcritical heterogeneous system contains relatively few
cells, the energy and space variables cannot be entirely separated. This means that the distribution of fast
and thermal neutrons in the transverse section cannot be characterized by 2 single eigenvalue CY_ZL , and the
vidual blocks of the system and change with change in its size, As a re-
oice of the system size such that acceptable accuracy of the

eutrons, characterized by the parameter [32, and the known eigenvalue
arameter c¢an be suc-

neutron spectrum may differ for indi
sult there is a need to establish a basis for the ch

measurements is ensured. »
In order to determine the scale of the effect and the possibility of using the théory of a physical parame-
ter for the analysis of results obtained on heterogeneous subcritical systems, analytical and experimental in-
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TABLE 1. Calculated Values of (<I>r/<1>t) rel TABLE 2. Dependence of Relative Values
for Systems with Different Numbers of of Rzéd and <a%5> /<cr > on the Number of
Cells Cells '
System char No, of cells : 228 25, 49
acteristic |(%/@)rel |9 | 16 | 25 | 36 | 49 No. of cells (RCd kel | <°p>i<of>rel
Ve~ | 8 0131002 9 0,809--0,018 0,971-£0,007
a/1=/;,825 Center  [1,078[1,032{1,013/1,002|1,000 Zg v 6'83318’820 “’gg*g’g‘}g
) i : - | 4 ) -0,989:4-0,015 0,989+:0,
"’23{)) Tw | Periphery  1,05411,022/4,008)1,000]1,000 81 1,000:0,012 1,000:0,016
a/'l/_— Center 1,1121,056[1,024|1,003|1,000 » —_ -
=4, ) i ] .
y/20D= | periphery  |1,072|1,041/1,012|1,001|1,000
=0,249 | - o
/V?= Center 1,131|1,074/1,034{1,004{1,001
=1,37. L
v/ r103=8 Periphery  [1,085[1,0531,019]1,002[1,000
=0 ,

vestigations of the physical parameters of uranium—graphite systems with different numbers of cells were
carried out. For the theoretical analysis of the effects of heterogeneity, the Galanin— Feinberg method was
used [3]. ' a

The height of the system was assumed to be large so that, considering neutrons 1y1ng in planes perpendi-
cular to the axes of the block, their distribution far away from the source is exponential, with decay constant
B; the space—energy distribution of the neutrons can then be wrltten in the form

D(z, y, 3, E)=,(z, y, E)exf’(_ﬁz)7 - (2) .

where the energy and space variables characterizing the distribution of the neutrons in the transverse section
cannot be separated. If Eq. (2) is substituted into the heterogeneous equation, the problem is then to determine
the parameters depéending on the space—energy distribution of the neutrons in the transverse section, A simi-
lar problem was solved for the homogeneous system with equivalent properties, permitting complete separa-
tion of variables, In the calculation, the aging model of deceleration was used, neglecting anisotropy of the
neutron diffusion,

The basic parameters chosen to characterize the heterogeneity of the propagating system with lattice
spacmg a were the parameter a/V7 and the thermal constant v, the ratio of the number of neutrons absorbed
by the block in unit time to the density of neutrons at its surface.

Calculations were carried out for the uranium~ graphite system with different numbers of cells for dif-
ferent values of the characteristic parameters. In Fig. 1 results are shown for the calculation of the correc-
tion AB = Bflom 3 het caused by the heterogeneity of the system with a/vT = 1.11 and y /27D = 0.249 for a
ratio of volumes of graphite and uranium V / Vy = 38. As seen from Fig. 1, the correction Ap® rises mark-
~ edly as the number of cells decreases. In partlcular, for a lattice with natural uranium having a physical

parameter #%=~100.10-%cm=? in a system of 20 cells, Ag® = 15.10-% cm™=?, i.e., the relative shift in the deter-
mined value of the physical parameter is about 15%. If »? increases, the critical size predicted on the basis
. of the data of the exponential experiment becomes too low. The results obtained are in qualitative agreement
with the ‘known calculations of the value of the critical load for a system with a small number of blocks

[4].

In order to understand how the heterogeneity affects the neutron spectrum in the system, the ratio of the
fluxes of resonance and thermal neutrons &,./®; was calculated for systems with different lattice spacings as
a function of the number of cells. The thermal constants were chosen in such a way that the square of the mi-
gration length of the lattice, calculated from the relation

Mi=[2(1—0)+1, - - . B )
was retained unchanged in all cases,

In Table 1, calculated values of (‘I’r/q’t) rel are shown for central and peripheral blocks, From these

data it is evident that & r/® depends on the number of cells and is not constant for all blocks of the system o

With increase in the number of cells, @ /<I> tends for all blocks to an asymptotw value; the more strongly
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expressed the heterogeneity of the block, the more slowly does &../®, tend to the asymptotic value.
g y y r/ %t ymp

If we take, e.g., 2% as an acceptable deviation of &,/®; from the asymptotic value, then for the uranium—
graphite lattice in the range a/VT = 0.8-1.4 (which is sufficiently characteristic for the system with natural
and slightly enriched uranium) the minium size of the subcritical system that ensures an acceptable divergence
of the neutron spectrum is found to be 20-40 cells, depending on the degree of heterogeneity. . Analogous results

are obtained for other systems.

Experiments on the effect of the number of cells on the measurable parameters were conducted on sub~
critical uranium—graphite systems with natural uranium using an IRT reactor as the source of the neutron
beam. The number of cells in the investigated lattice with a7 = 1,11 for VC/VU = 38 was changed from 9 to
81, The height of the system was not changed: in all experiments it was 270 cm. Measurements were made
in the central channel of the system at a distance of 135 ¢cm from the lower end, known to be in the region of
the asymptotic neutron spectrum, The cadmium ratio R? . and the ratio (025)/ ((T ) were measured, The mea-
surements were made by the activation method, using a Ge(Ll) spectrometer. The rate of the reaction 2*®U(n, y) was
determined from the intensity of 23*Np v radiation of energy 277 keV, and the rate of fission from the intensity
of ¥3Ce vy radiation at 283 keV. The procedures for the measurements and the treatment of the data were de~
scribed in [1]. The results for the parameters of the system with n = 81 cells are shown in Table 2.

From Table 2 it is evident that the dependence of both R and (¢2%)/(c %% on the number of cells is
significant only in passing from 25 to 9 cells, when RC 4 reduces by 10% and <0§5>/ (0?) by 3%.

Thus in the given case, RC 4 1s the parameter most sensitive to change in size of the system. For 25
cells and more, the physical parameters are unchanged within the limits of experimental error. If we take into
account that the value of %8 in these lattices scarcely depends on the size of the system, we may conclude that,
when the number of cells is varied, the value of ch*:’d serves as a sufficiently objective criterion for the choice

of a system size ensuring that the set of integral physical pardmeters characterizing the neutron spectrum in
the lattice can be measured, Here the height of the system should be such as to ensure that the characteristic
spectrum is established and that the flux can be represented in the form given in Eq. (2).

The results of relative measurements of R28 . arein satisfactory agreement with heterogeneous calculations
of ®,./®;. It may be assumed that for a heterogeneous system of thermal neutrons the acceptable size satisfy-
ing the required level of accuracy may be determined on the basis of calculations using the Galanin— Feinberg

method,
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INVESTIGATION OF THE LIBERATION OF HELIUM
FROM CONSTRUCTION MATERIALS DURING THEIR HEATING

D. M. Skorov, N, P, Agapova, ' UDC 621,039,546:541,183,5:546,291
A. I, Dashkovskii, Yu, N. Sokurskii, : o '

A. G. Zaluzhnyi, O. M. Storozhuk,

V. D. Onufriev, and I. N. Afrikanov

It is a well-known fact that neutron irradiation generates helium and hydrogen in construction materials
during the (n, @) and (n, p) reactions where the materials are composed of certain isotopes. The formation
of these gases implies changes in the mechanical and physical properties of the materials, partmularly in.
their radiation-dependent high-temperature embrittlement and swelling. :

The present paper is concerned with investigations of the behavior of helium in nickel and OKh16N15M3B
steel during tempering. :

The nickel (99, 99%) and’ OKh16N15M3B steel (~100-py-thick foil with 30- 50 y rectrystallized grains) sam-
ples were saturated with helium on the ILU-100 magnetlc mass separator of the Physics Power Institute by
bombardmg the samples of the matenals under inspection with 70-keV « particles to a dose of ~ 3. 108 parti-
cles/cm? (flux density 1 yA/cm?, The sample temperature did not exceed 100°C during the irradiation process.
The helium distribution over the thlckness of samples treated on the magnetic mass separator corresponded
to a Gaussian distribution [1]. According to calculations, the layer saturated with helium extends. from the sur=
face to a distance which is much smaller than the grain size in the samples of the materials under inspection,

- Samples were saturated with helium by bombarding foils of OKh16N15M 3B steel with o particles having
energies of up to 40 MeV in the cyclotron of the I. V. Kurchatov Institute of Atomic Energy. In order to obtain
samples of the alloy which were uniformly saturated with helium, a rotating disk with appropriate fllters was
inserted between the ion source and the foils to be saturated, The sample temperature did not exceed 70°C in
the course of the irradiation. The calculated helium concentration in the irradiated samples was ~ 10~ ? at, %.

_ The liberation of helium from nickel and OKh16N15M3B steel was studied with the aid of a special setup
[2] whose operation is based on the mass spectrometric determination of the partial pressure of an inert gas
which has been liberated at some instant of time from the sample annealed in vacuum, However, in contrast
to the previously described method of investigating the liberation of gases during isothermal annealing (2],
the present work was based on investigations of the kinetics of helium liberation from construction materials
heated at a constant rate. - The uniform heating was ensured by changing the voltage apphed to the heater in
accordance with a preset program. In order to maintain the required vacuum in the- anneahng chamber, a
getter-ion pump and an electrical discharge pump were 51mu1taneously used during the éxperiments., The helium
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2 Fig, 1. Kinetics of helium liberation from
<10 a sample of OKh16N15M 3B steel.
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of pumping exceeds the rate of gas liberation. Three exper-

of pumping; a descending part means that the rate
te of 7 and15deg C/min to establish the reproducibility of

iments were made with each material heated at a ra

the results. ‘
Figure 1 shows the liberation of helium from an OKh16N15M3B steel sample which had been saturéted‘

with the inert gas on the ILU-100 apparatus; the sample was heated at a rate of 7 deg C/min,

One can distinguish five peaks in the rate of helium liberation. The characteristic temperatures of the
5°C. Figure 1 shows that the first peak (1) of the rate of gas

peaks differ in the experiments by less than 20-2
between 300 and 400°C. The other peaks (II-V) are observed

liberation appears in the low-temperature region
at temperatures in excess of 600°C.

The curves representing the liberation of helium were obtained when nickel samples saturated with the
inert gas on the ILU-100 apparatus were uniformly heated (at a rate of 7 deg C/min). The curves representing
the rate of helium liberation from OKh16N15M3B steel and nickel are identical, The only difference is that the
second peak is stronger in nickel than in steel and slightly shifted on the temperature scale: Inthe caseof steel,
the peak is observed at temperatures between 580 and 620°C, whereas the peak appears at femperatures

between 600 and 700°C in the case of nickel.

Figure 2 shows the liberation of helium from a nickel sample which had been saturated with the inert gas

on the ILU-100 magnetic mass separator and which was heated at a rate of 15 deg C/min, A similar curve was

obtained from an OKh16N15M3B steel sample which had been saturated with the inert gas on the above appara-
es representing the separation of helium

tus and which was heated at the same rate, By contrast to the curv
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from steel and nickel samples at a heating rate of 7 deg C/min, the latter curves have only three peaks. As
far as the form is concerned, the curves coincide with the curves representing the helium liberation from the
corresponding materials heated at a rate of 20 deg C/min [3]: Three peaks of the rate of gas liberation are
observed (onein the low-temperature region of ~ 300°C, and two peaks at temperatures in excess of 600°C).
This could be expected because in both the present work andin [3] the materials under consideration were uni-
formly heated at almost the same rate, Selection of the optimum heating rate of the samples under inspection
is a rather difficult experimental problem, because in the case of a low rate, the peaks are smeared on the
temperature scale, whereas in the case of a high rate, a superposition of neighboring peaks is observed.

The liberation of helium from OKh16N15M3B steel samples which had been uniformly saturated with the
inert gas on a cyclotron was also studied. Figure 3 depicts the liberation of helium from such a steel sample
during its uniform heating at a rate of 7 deg C/min. The liberation of helium from that sample took place in
the same fashion as in the uniform heating of similar steel samples which had been saturated by the gas upon
bombardment with low-energy helium ions in the ILU-100 apparatus: One peak (I) of the rate of helium liberation
is clearly visible in the low-temperature range (280-380°C), whereas the other peaks appear at high tempera-
tures (II-VY). In the case under consideration, one more peak is observed in the high-temperature range. The
appearance of peak VI can be explained by the.influence of boundaries upon the distribution of the gas in the
mater1a1 because when steel is irradiated in the cyclotron, the entire sample volume rather than a narrow
layer near the surface was saturated with he11um ions (provided that the magnetic mass separator was used
‘for irradiation). '

An analysis of the results of [3-7] leads to the conclusion that the liberation of helium from the materials
under inspection during their uniform heating takes place in several stages.

Investigations which were made with an EM~300 electron microscope on similar nickel and OKhl6N15M 3B
steel samples annealed at 300, 400, and 500°C after irradiation with low-energy helium ions have shown that
the helium does not cause porosity in the materials under these conditions. According to the results of elec-
tron microscopy, in nickel and'steel saturated with helium ions, the black spots and small dislocation loops
which are observed in the initial stage are converted into clearly distinguishable large dislocation loops when
the temperature is increased to 500°C; the large dislocation loops are loops of interstitial atoms, as put into
evidence by the work of {8]. The size of the loops increases at increasing annealing temperature and their con-
centration decreases (Fig. 4. One must assume that, after irradiation, most of the helium induced in the sam-
ple is in a metastable solid solution or forms complexes with a size of ~ 10 A as indicated by the results of
electron microscopy. It is possible that some of the helium atoms remain in the form of the atoms introduced,
which are characterized by increased mobility and which may leave the sample while they generate the first
peak of gas liberation (see Figs. 1 and 3). It is also possible that a certain fraction of the induced helium atoms
form a Cottrell atmosphere near the dislocation loops. - This conclusion is corroborated by the fact that the
first bubbles usually appear on dislocation lines, A sharp growth of the loops and the reduction of their concen-
tration imply a reduction of the total length of loop dislocations and a decrease in the concentration of points
at which helium atoms are adsorbed, The helium atoms which are liberated in this process leave the sample
and cause the first peak of gas liberation in the corresponding temperature interval (according to the results
shown in Fig. 4)..

The results which the electron microscope helped to obtain in regard to the onset of helium-induced
porosity in nickel at 600°C and in steel at 700°C indirectly confirm that the helium atoms in these materials
have a significant diffusion-induced mobility. The second peaks of the rate of helium liberation in this tem-
perature interval (600-700°C; see Figs, 1 and 3) indicate that vacancies are involved in the d1ffus1on mechanism
of the gas atoms,

If the liberation of a gas from a material which is heated at a constant rate is given by the volume diffu-
sion of the gas atoms, one can determine the activation energy of the diffusion of the gas atoms in the material
from the temperature T of the correspondmg maximum [4, 5, 9]; the relation

Q
T 89544 61g 2+ 4.61g 50 10,5 ,
is used, in which p denotes the number of atomic layers between the layer saturated with gas and the sample

surface; and g, denotes the oscillation frequency of the diffusing atoms; a value of 10!% sec™! can be assumed

for the oscillation frequency of many metals [6). In this manner one can obtain only tentative values of the
activation energy, because the-p and K, values which are employed are results of calculations. Calculations

have shown that the activation energies which were calculated for the d1ffus1on of hehum in the materials under
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inspection on the basis of the temperature of the second peak on the inert-gas liberation curves are approxi-
mately the same for nickel and OKh16N15M3B steel: The activation energies amount to 45-50 kecal/ (g . atom)
because the temperatures of the peaks are practically identical (the difference is within the ‘spread of the
experimental data), The activation energies of the diffusion of helium in nickel and steel coincide with the re-
sults of [3]. The activation energy of the diffusion of helium in nickel corresponds to the activation energy of
the self-diffusion of nickel [10]. This attests to a helium~-diffusion mechanism in nickel involving vacancies

at temperatures between 600 and 700°C.

Electron microscopical investigations of the gas bubbles which develop in the materials at the tempera-
ture of the third stage of gas liberation (800-900°C) have shown that almost all the introduced heliumis enclosed
in the bubbles. Therefore at temperatures of 900°C or more helium can be liberated from the material only
by nondirectional migration of gas bubbles to the sample surface, It is unlikely that redissolved helium ap-
pears in the pores without neutron irradiation, because the solubility of this gas in metals and alloys is ex—

tremely low,
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THE EVOLUTION OF GAS FROM URANIUM DIOXIDE

B. V. Samsonov, Yu., G. Spiridonov, : “ UDC 621.039,343
V. Sh, Sulaberldze, and V., A, Tsykanov ’ C ‘

Characterlstlc features of the macrostructure cross section of highly stressed container-type fuel ele-
ments with uranium dioxide cores (Fig. 1) are the zones of equiaxial grains and columnar crystals separated
by ring-shaped cracks (in the majority of cases) and sometimes by rad1a1 cracks which arise after 1rrad1at10n
due to a number of causes [1] C

Fig. 1. Cross section of GD-122~type fuel
element (after irradiation). '

Translated from-Atomnaya Energiya, Vol. 40, No. 5, pp. 390-395, May, 1976. Original article submitted
January 15, 1975; revision submitted November 25, 1975,

This material is protected by copyright registered in the name of Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part
of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any mears, electronic, mechanical, photocopying,
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Operating conditions of reactor

TABLE 1. Parameters of Fuel Elements

TABLE 2. Thermal and Physical Param-
eters of Fuel Elements Tested

R Ab_
. External - N N Initial
FUEI and in- E:“‘:’l zgfl [Urani- :?rp- f{lflg: of] Ther-
’ - - ) = n - <
eler gei;ﬂrgg quet [umn Ifdrinox- ‘bl; fm“ghte e Fuel= };..1  |Surface |Max. |Radius |Ref; ra-
ment |oe°can  [diam Jht., lide |, atm. Fuel ele;‘t power (femp. (temp. |of col-|djus of
of cal, | m “imm |wt.g |®U% elo.  |meft fper  of fuel, |of fuel/umnar |col-
power,(unit ° o |crystal lumnar
ment |y LC C  |zone, [crystal
D-6 6,54 |52 | 204 | 36| 21 |Hed length, o lem S
D-7 6; 54 15,2 | 200 36 | 21 |He;4 W/ em zone, %
GD-1221 9,1; 8,2 | 8,15 | 350 | 182 24 | Air;
1
. ‘He- D-6 2,6 128 1300 1600 — —
[op-105 0.4 82 | 8,15 | o [ 482 | 2t | He: D¢ 2317 i | | | = | =
|cp- ; ir: GD-115 1800 | 0,1 25
GD-115| 9,4; 8.2 | 8,15 | 351 | 182 | 36 yAiry GD-122) 26 | 740 | 4000 | 2400 | 0,3 | 73
1 GD-125| 27 770 1000 2460 | 0,32 7€
*Fuel density for all fuel elements = 10.2 g/em®

In fuel which is run with a large temperature gradient, there is a transport of mass connected with the
displacement of pores into hotter regions. The cause of this process during the first rise in fuel-element
power is the initial porosity of the fuel, while in the following rises it may be due to the porosity of the fuel
in the boundary region between the columnar crystal zone and the zone of equiaxial grains or the ring crack
separating these two zones, The.mechanism of pore migration is connected with the vaporization of uranium
dioxide at the hotter wall of a pore and itscondensation on the colder wall. The time needed to form the struc-
ture depends on thermal and physical conditions of operation of the fuel element and does not exceed some tens
of minutes. The growing columnar crystals are formed under temperature gradient conditions; therefore a
tempeérature stress does not arise in them during operation. In the case of the crystals within the equiaxial
granular zone, the appearance of a temperature gradient does give rise to a temperature stress. When the
fuel element ceases to operate, the stress is relieved in the equiaxial grain zone whereas it appears in the
columnar crystal zone, The zones tend to break apart under the effect of these stresses. As the fuel element
is run again, the process of forming these structures is repeated. The boundary of the zones lies along the

1700°C isotherm..

_ Consequently, above 1700°C the dioxide forms its original structure consisting of elongated columnar
crystals lying adjacent to each other and having an almost theoretical density. The gaseous fission produbts
from such crystalline structures are not released into the free volume in practice, but are fixed at their
boundaries. It is as though all the gaseous fission products accumulated during the operation of the fuel
element are cleared out of the columnar crystal zone at the same time as the structure of the transient pores

is reformed..
Bearing in mind the variation in structure we have described, the kinetics of gas evolution from uranium

dioxide can be represented in the following manner (Fig. 2). The gaseous fission products leave the equiaxial

mal activation diffusion, complicated by the presence within the uranium dioxide crystal

grain zone by ther
ent them from

structure of pore-trap vacancies, which capture atoms of the gaseous fission products and so prev
leaving the fuel. The mechanism of this process is investigated in [2, 3]. If there is no columnar crystal zone
in the fuel element, then gas evolution must be constant (curve 1). Gas evolution in fuel elements having only
a columnar crystal zone must change suddenly at the instant the reactor comes on load and thereafter remains
constant (curve II). If both characteristic zones are present in the fuel element, then gas evolution will show
the features of both the extreme cases (curve IID). ‘

In order to test the proposed model experimentally, a method of direct measurement of the quantity of
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Fig. 3. Characteristics of gas evolution in fuel elements typé GD: -
1-3) pressure in can, measured at rated power; O, +, A) ditto, at no
load for fuel elements types GD-122, 125, and 115, respectively.
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Fig. 4. Characteristics of gas evolution in fuel elements type D: 1, 2) pressure in can measured
at rated load for fuel elements types D-7 and 6 respectively; 3, 4) ditto, at no load; 5) evolution of
gaseous fission products in'dioxide; e, s —) quantity of gas sorbed in fuel elements types

D-7 and 6, respectively.

Flg. Variation of the quantity of gaseous fission products in a fuel element can durmg irradi-
ation: 1) with the fuel element in operation; 2) with the reactor shut down, :

gaseous fission products during irradiation of the fuel elements was developed. This enables us not only to
verify in general terms the picture of the gas evolution mechanism that is at work, but also to. detect some
new features of the process, such as an initial surge of gas evolution, absorption of gaseous fission products
in uranium dioxide, and sorption of the gaseous fission products when the reactor is shut down.

Arrangement of Experiments. The kinetics of gas evolution were studied on two series of fuel elements:
one having a columnar crystal zone (series GD) and one without it (series D).

The fuel elements of series GD were irradiated in a water loop of a type SM-2 reactor; the series D ele-
ments were irradiated in anampoule channel [4] (Table 1). The thermal and physical parameters of the fuel
elements did not remain constant from run to run; therefore, Table 2 gives the characteristics of the most
typical conditions. | .

All the fuel elements were equipped with means for measuring the quantity of gaseous fission products
evolved from the fuel, the results of the measurements being little affected by the temperature of the fuel
in the element [4, 5]. The summation error in determining the quantity of gas did not exceed + 8% over all the
experiments, L - '
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Experimental Results. Figures 3 and 4 show the variation in the amount of gaseous fission products in
fuel elements series GD and D for various durations of irradiation. A fuel-element type GD-122 was removed
from the reactor after 165 effective days so that the structure of its cross section could be examined (see Fig.
1). Figure 3 shows the pressure measured withthe reactor shut down. It was considerably lower than when
the reactor was operating, a fact which cannot be fully explained by the lower gas temperature. A reduction
occurred in the quantity of gas inside the can, linked, in our opinion, with absorption by cooled uranium dioxide.

A sudden increase in the pressure within the can during increases in reactor load after a shut-down
is characteristic of series-GD fuel elements havinga columnar crystal zone (see fig. 3). Inthe case of series-D
fuel elements, which do not have a columnar crystal zone, a uniform pressure in the can prior to shut-down and
after start-up of the reactor is characteristic (see Fig. 4).

Discussion of Results. Analysis of the evolution of gaseous fission products from uranium dioxide during
irradiation can best be carried out on the basis of a generalized curve of the kinetics of gas evolution (Fig. 9),
in whichitis possible to identify the sections of initial surge evolution, weak evolution, and intensive evolution.
The evolution of gaseous fission products averaged over the series of runs is used in the case of fuel elements

of series GD.

It is characteristic of all fuel elements that a sharp surge in pressure accbmpanies the first increase in
power (Fig. 6). The duration of the reduction in pressure depends on a number of factors, but the surge does
not usually appear on the scale of the abscissas of Figs. 3 and 4, as it lasts for some hours.

The difference between the preésures before and after the surge (AP = Pyt — P fin) is basically deter-

mined by the initial gas medium in the fuel element, If the fuel element was filled with air at atmospheric
pressure, then a vacuum of the order of 10 to 20 mm Hg is formed at the end of the surge. If the fuel element
is filled with helium at 1 to 3 atm, AP will bé less than it would be if the filling was air. If the fuel element is
filled with argon, AP will be less, but the duration of the pressure surge will be greater,

When the fuel element is filled with an inert gas at a pressure of not less than 5 atm, the pressures before

and after the surge will be practically the same,

The variation in the quantity of the gases within the can due to the pressure surge is caused by desorption
at the surfaces’ of the heated uranium dioxide of gases that have accumulated during the processing and storage
of the fuel. This is confirmed by the fact that the curve of pressure growth during the surge can be satisfacto-
rily described by the relationship P — Pinit = Piax €XP(- E/RT) (E = 5000 to 8000 cal/mole), The subsequent
absorption of these gases apparently follows from chemical interactions between the evolved gases and the
incandescent uranium dioxide.

The boundary of the section of weak gas evolution for fuel elements which do not have a columnar crystal
zone (see Fig. 5) corresponds to a burn-up of 10 GW - days/ton UO,. For fuel elements having columnar crystal
zones, gas evolution commences after the first period of continuous operation of the reactor at shut-down and
during subsequent load shedding. However, in these fuel elements, as calculations show,the gasses arenot
evolved from the equiaxial grain zone over a period of time. Gas evolution only commences in thls zone at a

particular time.
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We have calculated the accumulation of gaseous fission products in the equiaxial zone on the basis of
experimental data, up to the moment when intensive evolution commences. In the case of fuel elements without
a columnar crystal zone, the accumulation compnses ~ 0.3 N-cm®/ g U0,

It is difficult to calculate the accumulation of gaseous fission products in fuel elements with columnar
crystal zones as there is an appreciable nonuniformity of specific energy evolution with respect to the radius
of the fuel element, which varies with enrichment, as this has an effect on the temperature distribution’ through—
out the fuel, on the magmtude of the equ1ax1a1 grain zone, and on the quantity of gaseous fission products evolved.
However, by estlmatmg the accumulation of gaseous fission products in fuel elements with columnar crystal
zones, we find that this will again be in the vicinity of 0.3 N. cm3/ g UO,. Consequently, the evolution of gases
from the equiaxial zone remains significant after the accumulation of gaseous fission pr{oducts to a level of
~ 0.3 N- cm3/ g U02. We should note that over the section of curve with low gas evolution, the quantity of gases
within the can is determined basically by quantity of gases that remam after the end of surge. Therefore,
rar1f1cat10n can occur within the fuel element in a number of cases. ‘ '

Intensive gas evolution in fuel elements without columnar crystal zones is linked with evolution. of gaseous
fission products from the equiaxial grain zone, while for fuel elements that do have columnar crystal zones, it
is linked with the structural reformation process (provxded the accumulation of gaseous fission products in
the equiaxial grain zone is less than ~ 0,3 N. cm3/g UO,) -or with the combinedaction of reformation and evolu-
tion of gaseous fission products from the equiaxial grain zone (if the accumulation in this zone has reached a
level of ~ 0,3 N.cm®/g UQ,). Data about the evolution of gaseous fission products from the equiaxial grain
zone is in satisfactory accord with calculations carried out according to the following scheme, Every zone is
divided by radius into an annular volume of thickness 2a, where a is the radius of an equivalent sphere which
depends upon the initial density {6]. The fuel temperature and specific density of energy evolution are taken
to be constant for each annular volume. The quantity of stable gaseous fission products evolved from the fuel
during a period of irradiation T can be calculated by solving the diffusion equation for the sphere,

dN/gt=DAN + 7Y, ' 1)

where N is the number of atoms of gaseous fission products in the solid body, atoms/cm?; D is the diffusion
‘coefficient, cmz/ sec; f is the rate of fission of 235U nuclei / (cm sec); Y is the summatlon evolutlon of stable
gaseous fission products for each fission event,

The solution of this equation for initial condition [N(r, 0 = 0] and boundary condition [N(a, 7) = 0] for
the number of gaseous fission product atoms found in the solid body (N') and volume V takes the form
= fYVF, (2)
where F characterlzes that portion of the final concentratmn of atoms evolved from the sphere ’

- .
6a2 6a2 1 n2n2D%
F=1~— 90Dt +apr mdDy 2 nt exp( a? ) " &)
n=1

The coefficient can be determined from the expression

D=1.65-10%exp (—900) . ' @

The referred diffusion coefficient D' = D/@? increases with increase in burn-up, due to the reduction in
a. The relative radius of the equivalent sphere (a/almt) is 1.0, 0.45, 0,31, and 0,22 at burn—ups of 10, 20, 30,
‘and 40 GW . days/ton UQ,, respectively. ‘

This variation in a can be calculated from the increase in the surface of the fuel accompanying the increase
in sorption of gaseous fission products due to the increase in burn-up, this being observed in experiments when
the reactor is shut down (see Figs. 3 and 4). The quantity of sorbed gases can be determined from the differ-
ence between the quantity of gaseous fission products inside the can, measured when the reactor is operating
and when it is shut down. It is clear from Figs. 3 and 4 that the quantity of sorbed gases varies little at first,
and then rises considerably, This indicates an increase in the sorption surface of the fuel in ‘the eqmax1a1
grain and columnar crystal zones when the reactor is shut down,

CONCLUSIONS

‘We have exammed the basic laws governing the character of gas evolution and the behavior of uranium
dioxide during the operation of a fuel element prior. to. thorough. burn-up. . The behavior. of the. uramum dioxide
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and the evolution of gases depend directly on the distributions of energy evolution and temperature with re-
spect to radius in the fuel element, and on the process of structure formation and burn-up in the different
zones of the fuel. The evolution of gases from uranium dioxide during irradiation can be estimated on the
assumption that all the gaseous fission products evolve from the columnar crystal zone and that evolution of
gases from the equiaxial grain zone takes place by a mechanism of thermally activated diffusion.

Sorption of gaseous fission products at the surface of the fuel can lead to errors in detei'miningvthe
quantity of gaseous fission products evolved from the uranium dioxide during postreactor determination by

the fuel-can puncture method,
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SPUTTERING OF THIN FILMS OF URANOUS - URANIC
OXIDE UNDER THE INFLUENCE OF FISSION FRAGMENTS
AT LOW IRRADIATION DOSES

V. A. Bessonov, G. P, Ivanov, UDC 539.211:546.79

N. A. Grinevich, and E. A. Borisov

It is generally accepted that thin uranium-containing layers are sputtered in a neutron flux by tearing
pieces of the material from a surface [1-4]. At a temperature of 10%C on the track and a density of 11 g/cm?

" of the material, the torn-off conglomerates can reach a length of 40 A [5].

. Observations made with an electron microscope have shown that by sputtering irradiated thin, 40-400-
A -thick UQ, films and samples of metallic uranium in neutron fluxes exceeding 10'4 neutrons/cm?, particles
in the form of "islands" or spots with linear dimensions of up to 400 Acan be precipitated on a collector.
These "islands" of material contain about 10% uranium atoms {1, 3]. '

When accumulations of sputtered material were analyzed with the track detector technique [4], pieceé of
"stars" were detected. The authors assumed that the "stars" were

material appearing on the track detector as _
formed by secondary irradiation of the pieces of the material which were observed under the electron micro-

scope [1]. Sputtered thin films of uranium oxides had the form of conglomerates of large size (up to 10° atoms
in a piece) [6].

Kaminsky and Das [7] have observed the sputtering of a niobium surface; large conglomerates contain-
olt atoms were formed under the influence of 14-MeV neutrons. But other authors [8] could
tals under the influence of fission fragments nor the forma-
It is possible that the formation of the conglomerates in

induced redistribution of the sputtered material
f conglomerates depends upon the '

ing as many as 1
not detect a sputtering of the surface of certain me
tion of conglomerates with a size greater than 1000 'A,
the experiments made by Rogers results from the irradiation-
on the collector surface [9]. Furthermore, it is unclear how the sputtering o

surface under inspection (metal—nonmetal).

The possibility of sputtering uranium-containing materials and pure metals by fission fragments (large

" Translated from Atomnaya Energiya, Vol. 40, No. 5, pp. 395-398, May,
July 1, 1975,

1976, Original article submitted
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conglomerates torn from the surface) was not clearly established, Investigations of the effect are certamly of
interest, .

The present artlcle reports on an investigation of surface sputtermg under the mﬂuence of f1ss1on frag—
ments; solid-state track detectors were employed. A thin f1lm of uranous—uranic oxide enriched with 235U was
inserted into the setup cons1st1ng of an emitter (thin uranous— uranic oxide film with a thickness of 4 mg/ cm?
on aluminum fo1l) and a collector (aluminum disk with a diameter of 10 mmy; the emitter was separated from
the collector by a 0,5-mm-thick diaphragm with an internal diameter of 3.5 mm. The setup with the quartz
tube was evacuated to high vacuum and irradiated in a VVRTSs reactor. After irradiation, the collector was
withdrawn from the setup, brought into contact with a glass plate, and irradiated again in the reactor with a
neutron flux of 10'2-10'% neutrons/cm?, After etching in 1.4% hydrofluoric acid solution, the glass detectors
were inspected under an optical microscope and photographed. Before the secondary irradiation, the concen~
tration of uranium on the collectors was determined from the alpha activity with the aid of a semiconductor
alpha detector and the "Amur" instrument set,

The sensitivity of the solid-state track detector technique amounted to 10_12

uranium atoms; the "Amur" instrument set had a sensitivity of 10~° g uranium,

g for uniformly distributed

In order to determine the dependence of the sputtering coefficient upon the neutron flux, the en{itter—
collector assemblies were irradiated in a reactor with various integral-doses of thermal neutrons. After that,
the uranium concentration on the collectors was determined with the above methods and the coefflment of
ejection was calculated with the well-known equations of [10].

At low 1rrad1at10n doses, the sputtering coefficient can reach several thousand uranium atoms per frag-
ment (Fig. 1). An analogous overall dependence of the sputtermg coefficient upon the dose has been described
in [11, 12], though the neutron flux exceeded 10 neutrons /em?,

Since particularly at low irradiation doses the highest sputtering coefficients were observed, it was.
logical to assume that the increase is related to the initial state of the surface of the layer subjected to sput-
tering [13]. In the initial moments of irradiation, substantial changes can occur in the surface layer, because
when the irradiation with neutrons and the bombardment of the layer with fission fragments leaving the uranous—
uranic oxide sample begin, stresses can be generated on the surface sections through which the fission frag-
ments pass; protruding pieces, "islands," can be torn off if they are located in the zone in which the track of
a fission fragment is effective; and sections which are not very well joined with the base layer can be destroyed,

A surface which had not been initially prepared was subjected to sputtering, i.e., a surface which had not
been ground, polished, or modified with some other operation for leveling and smoothing the s_urface. .When a
cross section profile of such a uranous—uranic oxide layer was inspected with an optical m1croscope many
coarse irregularities, pits, and protrusions could be recognized on the sample surface, Therefore, the fact
that pieces containing a large number of uranium atoms are torn from the emltter at the’ begmnmg of emitter
irradiation can be one of the reasons for the noticeable increase in the coefficient of e]ectlon. The h1gh sensi-
tivity of the track detectors and observations of the distribution of the matenal precipitated on the collector '
made it possible to follow the changes in the uranium prec1p1tatlon process Wh11e the flux of the irradiating
neutrons was increased.

Some characteristic formations which could be recognized on the collectors with solid-state track detec—

tors are shown in Fig. 2. At aneutron flux of 10!2- 1014 neutrons /cm?, pieces which on'the track detector are v1sible ’

as dense "stars" with a size of 30-50 y (Fig. 2a and b) are present on the collector surface.
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Fig. 2. "Stars" on the detector surface in the
case of primary (emitter—collector) and second-
ary (collector—detector) irradiation (neutrons/
cm?:. a) 10!, 10'% b) 1013, 6.10'% ¢) ~ 1013, 1014,
d) 103, 10' (large "dissected star"; distance
between the collector and the detector 0.5 mm);
€) 1016, 6. 1013; f) 1016, 6.102, respectively,

Both the size of a "star" on a detector and the track density in the detector depend upon the dose of the
secondary irradiation and the amount of material in the piece precipitated on the collector. In the case of a
secondary irradiation with a neutron flux of 10! neutrons/cm?, pieces, each of which contains less than 108
uranium atoms, give one or two fragments leaving on the side of the detector. When such a detector is ana-
lyzed, one cannot detect an accumulation of uranium atoms on the collector, because the entire field of the
detector is uniformly covered with individual tracks, "Stars" canbe obtained only from pieces containing at
least 10’-10% uranium atoms. )

When the size of "stars" was estimated, pieces which onthe collector had linear dimensions of less than the
range of the fission fragments in the particular material (several microns) were considered as point sources.
The critical angle of incidence was assumed as 35° for glass [L4]; the track diameter after etching was assumed
to be 7-9 p. It is possible to show for these conditions that pieces of the material on the collectors must result
in "stars" with a diameter between 30 and 40 y on the track detector. When the distance between the collector
and the detector is increased to several dozen or more microns, the tracks in the glass of the detector appear
as "porous (dissected) stars." When the collector with a detector spaced 0.5 mm from it was irradiated for a
second time, images of the uranium pieces were obtained in the form of "dissected stars™ (see Figs. 2c and
d). "Stars" of large diameter and with dissected structure can also result from a collector or detector surface
which is contaminated by occasional aerosol particles containing uranium (Fig. 3) or can be found after irradi-
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Fig. 3. "Dlssected" background "stars" obtained
upon 1rrad1at1ng a track detector of glass which
was in contact with a collector of pure alummum,
thermal neutron flux ~ 10! neutrons / cm?,

atmg collectors containing large pieces of the material (10° or more 25U atoms) with small doses (<1012
neutrons/ cm ), The number of tracks in the form of prongs can be easily estimated in a "dlssected star,"
Calculations have shown that the "stars" can be formed by pieces having a diameter of ~ 2000 A which

* contain up to'10° uranium atoms and in certam cases, up to 10“ uranium atoms at a diameter of several
thousand angstroms, :

It should be noted that in [4] the dose of the secondary irradiation of the collector whlch was in contact
with a detector, amounted to 10'%"neutrons/cm? and less. Therefore, one could expect the appearance of dense

"stars" with the dimensions indicated. Conglomerates containing ~ 104 atoms cannot cause "stars" under these
conditions.

The a activity of the collectors was measured with the "Amur" set of instruments and was much greater
than the @ activity obtained by counting individual tracks. At low doses, the field of the detectors is
practically free of individual tracks. This indicates that the sputtering of the surface of uranous— uranic oxide
occurs in the initial stages of irradiation mainly by breaking off pieces of the material.

When the irradiation dose increases, the distribution of the material on the collector changes. The field
of the collector is covered with a uniform layer of sputtered uranium; the number of the "stars" on the detec-
tor decreases and almost reaches zero at a neutron flux of the order of 10!®-10!7 neutrons/cm?, Individual
"stars" are found on the collector boundary where the diaphragm protects the surface from the direct fission
fragments leaving the emitter (see Fig. 2e and f), :

The decrease in the number of "stars" on the detector and, accordingly, the dlsappearance of large

( >108 atoms) pieces from the collector surface can be related to the destruction of the pieces under the influence

of the flux of fission fragments flying from the emitter and developing within the pieces under the - influence of

the neutron irradiation; the decrease in the number of"stars" and the disappearance of large pieces can also be

related to a decrease in the number of pieces torn away from the emitter when the homogeneity increases and

the surface roughness of the emitter is reduced. Examples are known in which the surface of a2 metal was pol-
_ ished by bombardment with « particles [15]; a dependence of sputtering coefficient upon the microrelief of the

surface [16] was observed when thin films of curium were sputtered.

We may assume that at sufficiently high neutron flux densities, a certain equilibrium between the number
of large pieces recently precipitated on the collector and the number of pieces destroyed by the flux of fission
fragments is established. Similar conclusions were drawn in’ [17,‘]_.8] when the decrease in the size of crystal~
lites in the surface layers of uranium- oxide and in thin polycrystalline metal films subjected to a flux of fission

- fragments was interpreted.
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REVIEWS :
RADIATION DEFECTS IN GRAPHITE

T. N. Shurshakova, Yu. ‘S. Virgil_fev, UDC 621.039:532.21

and I. P, Kalyagina

The extensive utilization of graphite in nuclear technology makes it necessary to study the behavior of
graphite under the influence of neutron irradiation, The various defects which develop in graphite substantially
influence its basic properties, particularly at temperatures below 300°C. Therefore, graphite is periodically

restored by anneahng in reactors having a low temperature of operation [1].
Despite a large number of publications, to date a reliable model of the radiation defects in graphite has
not been developed, because the type of the defects depends ot only upon the conditions of irradiation (tem-

perature, dose accumulated, and intensity of the damaging flux) but also upon the structure of the carbon mate~
rials. Investigations of the radiation damage (nature of the defects, their number and activation energies) are

important from the viewpoints of theory and practical applications.

. ‘Electron microscopy is used to study defects in graphite single crystals and in carbonic materials having

TABLE 1, Activation Energy (eV) for the
Formation and Movement of Point Defects
in Graphite [2, 3]

Formation Movement

Type of defect expt. |theor. expt. [theor.

>6,6 |10,7 3,0£0,5 (4

| Vacancy 7,3x1 5,45+0,05
2,4—4,2
| Double vacancy —_ ~17 - —
Interstitial C
atom 6,75+0,4| 9,76} 0,45+0,05 | 0,140

9,901 2,8+0,2 |0,016 '
Vacancy + inter=

stitial atom 11,5£2 — - -
neutrons
36,5
neutrons v
| o _ _ 0,94+0,1 | —

{Remark. The activationenergy onthe base plane is indiq

cated in the numerator; the activation energy in per-
pendicular direction is indicated in the denommator

Translated from Atomnaya Energiya, Vol. 40, No. 5, pp. 399-408, ‘May, 1976, Orlgmal article submitted
January 24,1975, .

This r.naren'a.l is .protected by copyright registered in the name of Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part
of. this pz{bllcarlon may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying,
microfilming, recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $7.50.
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Fig. 1. Dependence of the relative change in the
parameters of the crystal lattice of graphite [2]
upon the accumulated dose at various tempera-
tures (° C) :0) '300; A) 350—440 A) 450-600; )
650; ) 900-1350.

o |
0 05 0 75 20
9-16%2, neutrons/cm?

-a high degree of perfection of the crystal lattice. When radiation defects are studied in polycrystalline graphite,
tI}e structure-dependent properties are restored by thermal annealing and radiative annealing,

We discuss below papers describing research on radiation defects in synthetxc graphite materials, among
them materials which were intensively irradiated. When the relation between the defects and the changes in the
properties of graphite during its irradiation is to be analyzed, a systematic order must be established in the
publications in regard to the influence of the radiation defects upon the various properties of the graphite in the
light of the present concepts concerning the mechanism of radiation-induced damage to materials,

At the present time, most‘of the authors assume that neutron irradiation creates point defects, vacancies,
and interstitial atoms in the structure of graphite, The equilibrium concentration of these defects depends upon
the intensity of the damaging flux, the time and the temperature of irradiation, etc, The resulting defects do
not exist in isolated form. Under certain conditions the defects interact and reduce the internal energy of the
crystal, It was theoretically calculated that the energy of migration of isolated atoms amounts to ~ 0.016 eV [4]
and, according to recent data [3], to 0.14 eV, The corresponding value for vacancies is 4 eV (see Table 1),
The high mobility of the interstitial atoms causes them to associate into C, and C; pseudomolecules at 78°K
[4]. At temperatures in excess of 110°K, the molecules form (C,, accumulations. Since the (C,), molecules
disintegrate into the simpler components C, and since the latter migrate, a peak appears at a temperature of
~200°C on the curve representing the liberation of the stored energy during annealing.

Accumulations of 2-4 interstitial atoms [5] were detected (by scattering of slow neutrons) in graphite
which had been irradiated at ~ 30°C, The size of the accumulations increases at this irradiation temperature
‘with increasing dose and, finally, saturation is reached. The size of the accumulations and the distances be-
tweenthem increase in the interval 30-600°C with the temperature of irradiation [6, 7].

After irradiation with (0.6-6.0) - 10% neutrons / cm?at 350°C or higher temperatures, the accumulations have
a size of 30-40 A and reach 200 Aupon irradiation at'~ 650°C. Itwas assumed [4] that when the dimensions of the
molecular accumulations increase, the accumulations cantransform into hexagonal structures. These are basically
new atomic planes formed by condensation of molecules. The binding energy in such a complex is obviously
equal to the sublimation energy of 7.4 eV [3]. At temperatures in excess of 1000°C, the atoms of the new planes
interact with free vacancies and, hence, the new planes disappear. Vacancies which are formed during irradia-
tion usually remain isolated and are hardly mobile at temperatures of up to 350°C; but when the temperature
is increased further, the vacancies become mobile [7] and condense into stable accumulations corresponding
to the removal of a part of an atomic plane [8]. These structural disturbances can be destroyed only by self—
diffusion processes having an activation energy of 7-8 eV [3].

It is also assumed that the form of the defects depends upon the degree of perfection of the crystal struc-
ture in carbonic materials [2]. However, there exist no methods of directly observing the defects in materials
having a low degree of perfection of the crystal structure. In materials having a high degree of pei‘fection of
the crystal structure, the type of admixtures and their amounts noticeably influence the damage to.the structure
[9]. The degree of radiation-induced damage is a function of the following three variables: intensity of the
damaging flux, and time and temperature of irradiation [10]. A 100-fold- increase in the intensity of 1rrad1at1on
is equivalent to a noticeable reduction of the 1rrad1at10n temperature. -
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Irradiation of graphite results in the accumulation of radiation-induced defects and, hence, in a distor-
tion of the crystal lattice. At low irradiation temperatures, the spacing ¢ of the planes in axial direction in-
creases (Fig. 1) owing to isolated point defects and small groups of them [11, 12]; at the same time a compres- '
sion takes place on the base plane,

An empirical formula [14]

S

r—1.034422 M

can be used to describe the dependence which was observed in some investigations [13] between the order n of
binding (number of electron pairs participating in the chemical bond) and the length of the C—C bond.

The authors of {14] have considered the possible positions of the shifted atoms and vacancies in the crys-
tal lattice of graphite and have analyzed the variation of n in the above formula; the conclusion was that the
expansion of the lattice parallel to the ¢ axis and the compression on the base plane are caused by vacancies,
However, since the calculations are not in a satisfactory quantitative agreement with the experimental results,
defects in the form of interstitial atoms must noticeably contribute to the expansion of the lattice in the direc—
tion of the c¢ axis. '

The reduced increase in the parameter c in graphite upon increasing irradiation doses and temperatures
is associated with the coagulation of the interstitial atoms into larger compounds [9]. The broadening of the
profile of the diffraction lines upon increasing the irradiation dose means particularly that the size of the
regions of coherent scattering decreases because the crystallographic planes are distorted. The crystal
structure can become completely amorphous at very high irradiation doses.

The net result of changes in the crystal structure is that the physical properties of the graphite samples
are modified. '

The changes in the lattice parameters correspond to the changes in the macrodimensions only at low ir-
radiation doses, At neutron fluxes exceeding 102 neutrons/ cm?, the expansion of a recrystallized pyrolytic
graphite sample in the direction of the ¢ axis considerably exceeds the increase in the parameter c. This is
explained by the development of the aforementioned molecular accumulations whose dimensions are comparable
with the size of the crystallites [15]. Other authors [7] believe that the lack of correspondence results from
defects on the boundaries of the crystallites.

A compression of the sample occurs on the base plane. The dependence of the changes in the sample
dimensions upon the radiation dose is complicated: The high-temperature setting of any graphite is replaced .
by a "swelling" which may reach 100% at high irradiation doses. In [L6] the changes which occur in the sample
dimensions in broad temperature and irradiation dose intervals were explained by the dynamics of both the
formation and the transformation of complexes and accumulations. The conclusion was that the secondary
‘mswelling" of graphite is caused by the oriented formation of a vacancy-induced porosity in the lattice.

The mechanical properties are basically determined by point defects. Polycrystalline graphite has in-
creased strength and brittleness after irradiation. Its hardness increases and reaches saturation at a neutron
flux density of 7.2 - 108 neutrons/ cm? (E =1 MeV); thereafter the hardness decreases [9]. When graphite is ir-
radiated at temperatures of 56-140°C with a neutron flux density of up to 1- 102 neutrons/ cm?, the relative in-
crease in the hardness depends linearly upon the absolute value of the neutron flux density; the observed effect
decreases exponentially with increasing irradiation temperature [9]. Electron-microscopical investigations
of the radiation defects [7] have shown that the hardness reaches its maximum when the average spacing of the
defects amounts to 20-50 interatomic distances. When the size of the defects increases further by coagulation,
the spacing of the accumulations increases, which results in a decrease in hardness.

In the case of synthetic graphite, the modulus of elasticity of the first kind increases during irradiation,
At low temperatures (up to 300°C), the change in the modulus of elasticity is nonmonotonic: A sharp increase
at neutron fluxes of ~ 10% neutrons/ cm? is followed by a decrease, whereafter the absolute value of the modu-
lus increases again. At temperatures in excess of 300°C, the modulus of elasticity increases gradually; its
absolute value stabilizes and is constant at neutron fluxes of up to 1.5- 102 neutrons/cm?. The increase in the
modulus of elasticity is related to dislocation locking [2]. This effect can also be explained by the influence of
defects upon the elastic deformation of the lattice. The presence of interstitial atoms can reduce the effective
spacing of the layers. But the dislocation mechanism is generally accepted. A decrease in the absolute value
of the modulus is explained by changes in the aggregate state of the interstitial atoms during the irradiation
process.
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The radiation defects in graphite are per se electron traps and create an excess. concentration of hole-
type charge carriers by reducing the Fermi level in the valence band of graphite. Therefore, when the irradia-
tion dose is increased, the Hall coefficient changes its sign from negative to positive, reaches its maximum,
and decreases gradually. Layer defects are per se scattering centers which reduce the mobility of the charge
carriers. Since the effect of the reduced mobility is superimposed on the effect of the increased charge car-

- rier concentration, the resistivity of an irradiated sample exceeds the initial resistivity,” The diamagnetic

susceptibility decreases, because the Fermi level in the valence band is reduced.

Electroparamagnetic resonance studies made it possible to identify the paramagnetic centers with simple
types of defects, namely with interstitial atoms and vacancies [17]. Measurements of the electroparamagnetic
resonance in pyrolytic carbon [L 8] have confirmed the assumption that trapped paramagnetic centersare related
to mterstxtlal atoms and their s1mp1est complexes of the type (Cy, [19]. The relatively low activation energy
Epin ™~ 0,5 eV) of the movement of complekes of interstitial atoms [20] facilitates their annealing at tempera-
tures of up to 1000°C; this is in good agreement with a reduction of the concentration of trapped paramagnetic
centers. Nonlocalized paramagnetic centers are associated with vacancies and radiation-induced dislocations
which have developed in the layers. :

‘Calculations of the concentration of defects accumulated in pyrolytic graphite (which is identified with a
single crystal) are made under the assumption that interestitial atoms and vacancies exist in the form of indi-
vidual defects, small groups, and, in some number, in the form of loops [21]. These defects change the linear
dimensions X, and X, because the lattice parameters are modified, The changes can be considered the reason
for the amsotroplc internal pressure which is proportional to the vacancy concentration C, and the concentra-
tion C; of interstitial atoms. In this case the formulas for the concentration of defects [22] assume the form

Ci - AC/C-|—21.843Aa/a , ) _ 2)
C, =:21 4A;/;—AC/C 3

These dependencies are valid only at low temperatures and for low irradiation doses when only point de-
fects and small compounds thereof exist, When both the dose and the temperature of irradiation are increased,
the probability of forming large defect accumulations increases and, hence, the modification of the lattice para-
meters is retarded, whereas the concentration of the defects decreases. The total number of displaced atoms,
which was theoretically calculated with the cascade model of Kinchin and Peace, substantially exceeds the defect
concentration calculated with formulas (2) and (3) (23], This means that, during irradiation, an intense anneal-
ing of the defects takes place,

It was attempted [14] to explain the observed changes in the parameters and to estimate the defect con-
centration in irradiated graphite with the aid of the dependence of the carbon atom spacing upon the order of
the bond, i.e., r = f(n). It was found with the well-known relations of [22] that in the case of graphite irradiated
at temperatures of up to 100°C, Aa/a = —0.4% and Ac/c = 4.6; the concentrations of vacancies and interstitial
atoms are the same and amount to 1.4%. Estimates of the vacancy concentrations from the above dependence
render r = f(n) ~ 1.8% (from Aa/a) and 3.2% from Ac/c. The value of 3,2% is evidently too high, because a
part of the expansion in ¢ direction can be explained by the influence of complexes of interstital atoms.

The type of defects and their migration energy are usually determined when changes in the physical prop-
erties of materials are studied in the course of thermal annealing and radiation-induced annealing.

Defect annealing is defined as the disappearance of defects from a crystal oversaturated with defects,
when the crystal is heated above the irradiation temperature at which the defects accumulated.

Radiation-induced annealing takes place under the influence of a second irradiation at an increased tem-
perature. Such a secondary irradiation of graphite containing radiation defects reduces the total damage to the
samples to a greater extent than conventional heating to the same new temperature, but without irradiation [24].

In order to determine the defects which were formed in a crystalline material after its irradiation, ther-
mal annealing is usually employed. The extent of annealing and its rate depend upon the mobility of the defects
proper. Excess defects can be removed from the crystal basically by redistributing the defects to smks and
by recombination,

The theory of thermal annealing has been well developed [11, 25] but an analysis of- the -determination of
the activation energy with one of the methods indicated [26] is not possible if one of the properties changes non-
monotonically. For example, the microhardness of irradiated pyrolytic graphite first increases upon isothermal
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Fig. 2. Dependence of the relative change in the
.electrical resistivity upon the temperature of
annealing: 1-6) Gor' kii Metallurgical Plant
graphite irradiated under various conditions
with the following doses: 7-10%, 7.10%, 7102,
~10%, ~2.10'%, and ~10!8 [32] neutrons,/cm?,
respectively; 7) graphite for nuclear applica-
tions, 5.42 - 102 [30]; 8) WSF graphite, 8,4 -10'®
[12]; 9 pyrolytic graphite, additionally treated
at 2400°C, 9- 10%, The samples were initially
irradiated at 50-250°C.
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annealing and decreases only thereafter to the initial microhardness values [27].

The defects which were accumulated during irradiation become mobile owing to their activation by ther-
mal annealing and undergo further transformations, ' ’ ‘ '

Small groups of interstitial atoms were found in electron-microscopical investigations of the annealing
processes in thin films of natural graphite crystals which had been irradiated at 50°C [28]. When the temper-
ature of annealing is increased, the groups become larger, but disappear at temperatures in excess of 1700°C.
Owing to the condensation of vacancies at 1700°C, loops with a radius of 150 A appear; the loops grow at 750 A
at 2600°C, but the area of all the loops is constant thereafter. The number of condensed vacancies, which
amounted to ~ 0,5% of the total number of atoms, was calculated.

The electron-microscopical investigations of [3] have shown that dislocation loops with a diameter of
<50 A acquire a noticeable mobility at ~ 1000°C, but the motion of large loops is impeded. During annealing
at ~ 1500°C, the loops become shorter and disappear completely at 2200°C. The changes in both type and con-
centration of defects during annealing affect mainly the structural properties of the material.

An analysis of the changes in the half-width of the (002) and (110) lines during thermal annealing of graph-
ite irradiated at low temperatures has shown that the processes which occur upon heating to 1000°C are very
intensive. For example, the broadening of the (110) line is reduced by 50% after heating to 2000°C; after that,
the rate of annealing is reduced. In order to restore the form of the (002) line to about 50%, annealing at 600°C
suffices [9]. '

Thus, a considerable portion of the lattice distortions is restored even at low temperatures; this is prob-
ably explained by an annealing of those distortions which were caused by relatively unstable defects, because
the total disappearance of the line broadening is accomplished only at 2500°C.

In the case of PGA graphite which had been irradiated at 200°C with a neutron flux of 3.5-10% neutrons/
cm? (Ac/c.~ 4%), the recovery of the parameter c takes place at temperatures of up to 650°C but terminates
completely only at 1800°C [29].

The recovery of the paraméter a is insignificant at temperatures of up to ~ 1000°C in the thermal anneal-
ing of graphite which had been irradiated at 200°C with a neutron flux of 8.6 10% neutrons/ cm?, However, the

_recovery. of the parameter terminates at 1800°C. The recovery of the parameter g increases the size of the
samples on the base plane [29]. , :
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- Fig, 3. Restoration of the length of various
graphite samples irradiated with the following

- neutron fluxes (10% reutrons /em?) in depéndence
upon the temperature of the thermal annealing
for restoration: X, O, @, 0, V) 2,18, 1,63, 1.02; 0.11,
-and 0.46, respectively (CSF graphite; T = 30°C
[91); &) 7 (Gor'kii Metallurgical Plant graphite,

- T ~ 100-150°C; ®) 0,9 (pyrolytic graphite, ad-
ditionally treated at 2400°C; T = 140°C [27]). -
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"0 1000 2000 T°C

The parameters ¢ and a are annealed in a wide temperature interval between 200_ and 2060"°C, but the an-
nealingis most effective at temperatures above ~ 1200°C, This means that groups of vacancies have a stronger
influence upon the decrease in the parameter a and the size of the samples than individual isolated vacancies,

_ Annealing of pyrolytic graphite which earlier had been irradiated at 170-200°C with 7 - 101° neutrons/cm?
[18] has shown that the rates at which the susceptibility of localized and nonlocalized paramagnetic centers is
restored are not identical, Since localized centers associate with individual interstitial atoms or the simplest
complexes of such atoms, their annealing takes place éven at 1000°C; this is in good agreement with the reduc-
tion of their concentration; ' s - :

But the excess concentration of nonlocalized paramagnetic centers, which stems from vacancies and
“dislocation in the defect layer, is completely annealed only at ~ 2000°C.

The change of the Hall coefficient Ry at the beginning of the annealing is small, because numerous posi-
tive "holes" are present in the irradiated graphite [30, 31]. The ensuing increase in Ry at increasing temper-
atures of annealing up to 1300°C is basically associated with the annihilation of traps during the healing of
structural damages; the sharp drop of Ry at temperatures above 1400°C can be explained by the influence of
conduction electrons which stem from the rapid shift of the Fermi level to the bottom of the unfilled upper band.
The competing decrease in the concentration and the increase in the mobility of the charge carriers account
for the plateau at temperatures of 700-1000°C. The Ry maximum at ~ 1300°C coincides with the maximum of
the electrical resistivity, Such a peak is observed on the Ry curve only in the case of irradiation with high
neutron fluxes (~ 10% neutrons/cm?. ' B '

The réstoi'ing of the electrical properties is impeded at increasing doses and irradiation temperatures,
All radiation defects which cause the increase in the electrical resistivity of graphite are completely removed
only at 2400°C, : ' ‘

Interestingly enough, when samples of pyrolytic graphite obtained at 2100°C were irradiated at 140°C, the
electrical resistivity was reduced approximately 10 times in the direction perpendicular to the plahe of precipi-
tation, When these samples were annealed at temperatures in excess of 800°C (Fig. 2), the electrical resistiv-
ity increased and was fully restored at T ~ 2000°C. Pyrolytic graphite with a stricture of greater perfection,
which before irradiation had undergone additional annealing at 2400°C [27], had ah electrical resistivity which
was restored at a lower temperature (1600°C), ' '

' Both the rate and the extent to which the dimensions of a sample are restored depe_nd upon the initial
structure of the material, the temperature, and the accumulated dose. It was established in [12] that, after

low-temperature irradiation (30°C) of CSF graphite (Fig. 3) with a neutron flux of up to 10% neutrons/cm?, the -
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Fig. 4. Influence of the temperature of anneal- .
ing upon the relative change in the modulus of
elasticity of graphite of the Gor'kii Metallurgi~-
cal Plant, irradiated with a dose of 7.10%neu-
trons/cm? at 100-150°C,

g 1000 2000 T,°C

restoration of the dimensions during thermal annealing practically ended at 1200°C. In the case of samples
which had been irradiated with a greater neutron flux (2.2 - 104 neutrons /cm?), annealing at 1700°C did not suf-

fice for the complete restoration of the initial dimensions (the remaining change amounted to ~ 0.4%). -

The work of [33] reported on the thermal annealing of samples of pyrolytic graphite which had been ini-
tially irradiated at various temperatures. The irradiation increased the linear dimensions of the sample in the
direction of the ¢ axis and caused a compression on the base plane. Annealing below 1000°C implied a slow
restoration of the linear dimensions in the direction of the ¢ axis, because small groups of interstitial atoms
merged into larger groups which required a smaller volume. At temperatures in excess of 1000°C, the rate
of annealing was substantially increased, because the loops of interstitial atoms disappeared (this was estab-
lished with electron microscopy). The annealing was actually completed at 2000°C,

It was observed at the same time that the dimensions of pyrolytic graphite which had been irradiated at
250°C are restored at temperatures above 1000°C and that the restoration ends much more slowly than after

irradiation at 170°C,

The compression of a sample in the direction of the a axis is restored at annealing temperatures above
1000°C; this agrees with the results pertaining to graphite single crystals [29], But the reduction of the dimen-
sions in the direction of the a axis during high-temperature irradiation of graphite is not completely restored.
It was observed in investigations of the thermal annealing of pyrolytic graphite samples with various degrees
of perfection of the crystal structure irradiated at 140°C with a neutron flux of 9 -10% neutrons/cm? that the
restoration of the sample length is the better the higher the quality of the structure [27].  After annealing at
600°C, the restoration of the sample length of the initial pyrolytic graphite (precipitated at 2100°C) amounted
to only 11%, whereas the corresponding value for a sample treated at 2800°C was 23%, '

Stronger damage to the crystal lattice of graphite at increasing doses (or reduced irradiation temper-
atures) helps the defects to become fixed; this is a hindrance to the restoration of the sample length [12, 32].

Two shape-changing processes account for the complicated laws governing the restoration of the sample
length [34]. The first process encompasses the generation of defects which can be annealed and which resemble

the defects created by low-temperature irradiation., This implies an increase in the sample size X, of the crys-

talline regions in the direction of the c axis and a compression of the sample dimension X, in the direction of
the e axis. .

The second process is a compression which cannot be eliminated by annealing and which reminds one of
the ordering of the structure during the development of graphite, It is assumed that this process occurs basic-

ally in the less perfect regions of polycrystalline graphite. According to other theories, the compression which
cannot be annealed is caused in the course of the irradiation by the development of stable, collapsed vacancy

groups or by the loss of vacancies from the crystallites via trapping by an edge dislocation.

At high irradiation temperatures, the changes in the sample dimensions originate mainly (according to
the authors of [35]) from the compression which cannot be annealed and which decreases with increasing perfec-
tion of the material (e.g., by treating the material at temperatures of up to 3200°C).

_ A considerable compression, which could not be annealed and which was of the order of 1.9% in the direction
perpendicular to the axis of extrusion, was observed in the thermal annealing of PGA graphite which had been
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" Fig. 5. Dependence of the degree of restoration of the sample
propert1es upon the temperature of annealing [29, 33, 37): 1, 2)
‘parameters ¢ and a, respectively; 3, 4) length parallel to the ¢
axis and on the base plane, respectively; 5) specific electrical
resistivity; 6) modulus of elasticity.

Fig. 6. Di’stribution of the activation energy during the restora-
tion of the various ‘properties of NC graphite which had been 1r—
radiated at 1060°C with a neutron flux of 2. 10% neutrons / cm? [46]:
1) interplanar spacing; 2) dimensions of crystalhtes, 3) specific
electrical resistivity,

irradiated in the PLUTO and DIDO reactors. But in the direction parallel to the above axis, the sample dimen-
sions were completely restored. '

The restoration of the mechanical properties (strength, modulus of elasticity, and hardness) begms at low
temperatures and proceeds intensely up to 1000°C, because individial interstitial atoms or small: grotps thereof

disappear. It was noted in [36] that, after annealing at 2000°C, the modulus of elasticity was 10% smaller than

before irradiation in a direction parallel to the axis of extrusion, The results (Fig. 4 indicate that this rediic-
tion of the modulus of elasticity is observed after annealing above 1000°C and reaches 40% at 1600°C A further
increase in the temperature of annealing does not modify the value of the modulus of elastmlty which' can be

reached.

Thermal annealing at 900°C [9] reduces the hardness of graph_lte whlch had been prev10us1y 1rrad1ated
with a neutron flux of 1.2 10% neutrons/ cm the hardness then comes close to the hardness-of the rionirradi-

ated material,

In the 1sochronous annealing, the microhardness of pyrolytlc grapmte whlch Had been 1rrad1ated at low
temperatures (140°C) first increases substantially and only-at ‘temperatures - ‘above- 800°C- decreases to the value .
which is characteristic of the nonirradiated material [27]. This effect reminds one of the inicrease in'the elec-
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AUL% g

Fig. 7. Dependence of the relative change Al/I
of the length upon the accumulated dose: (a)

- - - =) irradiation at 150°C; ) irradia-
_tion-induced annealing at 300°C [39]; (b) irradia~
tion at 140°C, dose 8 - 10?° neutrons/cm?, radia-
tion-induced annealing at 230°C [27]. Deforma-
tion (%): A) 5; 0)10; A) 30; and @) 40,

_£,10% (neutrons/cm?)

trical resistivity in isochronous annealing and is explained by the development of simple defects during the
decomposition of defects of greater complexity in the course of annealing [27].

The above experimental results are very clearly illustrated by the histograms (Fig. 5) which represent the
degree to which the properties are restored at various temperatures of annealing. The histograms were con-
structed in work onthe parameters of the crystal lattice and dimensional changes on the base plane [29], on the
electrical resistivity and the modulus of elasticity [37], and on dimensional changes in the direction of the ¢
axis [33]. It follows from the histograms that the modulus of elasticity is almost completely restored at 1000°C,
whereas the expansion of the samples and the lattice parameter in the direction of the ¢ axis is only partially
restored. In the latter case (Fig. 5a) two clear maxima are observed; the sharpest of the maxima corresponds
to the temperature interval 1200-1500°C. This confirms that vacancies and vacancy complexes contribute most
significantly to the increase in the parameter ¢ during irradiation [14]. . ’

A The beginning of an intense restoration of ‘the macrodimensions in the direction of the c axis of samples
and the recovery of the electrical resistivity correspond to this temperature interval (Fig. 5, histograms 3

and 5).

The activation energy which was calculated for the annealing of the electrical resistivity of irradiated

polycrystalline graphite was 1.27-1.72 eV at 100-800°C; 2.5 eV at 1100-1400°C; and 4,35-5.22 eV at 2400°C [38].

The spectra of the activation energy, which were calculated from the changes in the interplanar spacing,
the spectra of the dimensions of the crystallites, and the spectra of the electrical resistivity of isotropic NC
graphite irradiated at 1060°C with a neutron flux of 2 -10% neutrons/cm? are shown in Fig. 6 [46]. It follows
from the data that the restoration of these properties of graphite irradiated at high temperatures with a strong
neutron flux is associated with the annealing of extremely stable defects having an activation energy equal to
the energy of self-diffusion of the atoms of this material, -

. As indicated above, radiation-induced annealing increases the rate at which the properties of graphite are

restored, because radiation-induced annealing provides additional heat which is obtained from the dissipation
of the energy transferred from the neutrons-to the carbon atoms. : '

It was noted in one of the first papers on graphite [12] that subsequent 150°C irradiation of graphite sam-~

" ples which initially had been irradiated at 30°C compensates by 40% for the swelling of the samples. In order to

obtain this effect by thermal annealing, the samples would have to be heated to a temperature of several hundred

degrees centigrade.

The annealing of PGA graphite samplés at 150°C and radiation-induced annealing at 300°C (Fig. 7a) con-
siderably reduced the expansion [39] of the samples, because the reversal of the temperature to 150°C did not
imply an expansion of the sample to the earlier value. Therefore the radiation-induced swelling of PGA graphite
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° Fig. 8. Restoration of the length of graphite sam-
:— 2 ples during annealing in dependence upon the ra-
.ﬁ diation-induced dimensional changes after an
initial irradiation at 140°C: 1) thermal anneal-
i - ing for 2 h at 500°C (®); 2) rad_latlon-mduced
annealing at 230°C with a neutron flux of 2 . 10%
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in radial dlrectlon was smaller than that observed in the case of 1rrad1at10n at a constant ternperature of 150°C.
The effect was not so significant in the direction parallel to the axis of compression,

In [27] anisotropic graphite samples (the base material was Gor'kii Metallurg1cal Plant graphite annealed
under various deformations of 5-40%) were irradiated at 140°C with a neutron flux of 8.10% neutrons/ em?,
Then some of the irradiated samples were irradiated at the higher temperature 230°C, whereas some other
samples were annealed at 500°C for 2 h (Fig. 7a and b). Obviously, the radiation-induced and the thermal an-
nealing reduced the changes in the dimensions of the samples under inspection: both the expansion and the
compresswn decreased,

In both forms of annealing, the restoration of the dimensions was d1rect1y proportional to the prev10usly
observed radiation-induced changes inthe sample dimensions (Fig. 8). In order to obtain the effect by thermal
treatment, annealing at higher temperatures (500°C) than radiation-induced annealing was required.

The total activation energy for the migration of defects during irradiation can be determined from the

" dependence of the various properties of graphite upon the irradiation dose at several temperatures. Based

on the theory of riddiation-induced imperfections [40], the authors of [41] derived an equation which describes
the dependence of the relative change of the lattice parameter (Ac/c) upon both dose and temperature of irra-
diation: ‘

Ac bD . :
© TigwD* 4

where b = bo exp (E /RT); 8= B, exp (— q/RT); b, and g, denote constants; and E and q are the total activation
energies for the m1grat1on and the formation of accumulations, respectively. :

At neutron fluxes <102 neutrons / cm?, the increase in the lattice parameter stabilizes; then 1 <« bgD
and Eq. (4) assumes the simplified form: .

22 g =7 exp(g/RI). | )
It follows from Eq. (5) that the changes of the parameter depend only upon the temperafure of irradiation,

When the quantities b and B, which were derived from the experlmental curves, are used to construct a v
curve in In b (In B), T-1 coordinates, itis possible to determine the total activation energy for the irradiation
temperatures of 90-800°C, :

A similar approach can be used to anzalyze the dependencies of other prdpertles of materials upbri the
irradiation dose (the properties considered are: thermal conduct1v1ty [42], electrical res1st1v1ty [43]; tensile

" strength in compression and modulus of elasticity [44], and electroparamagnetlc resonance [45]). The total

activation energies which were obtained are much lower than those calculated from the data for thermal anneal-
ing (q = 0.24 and 0.11 eV for the parameters c and a, respectively). This means that durlng irradiation mamly
defects in the form of isolated interstitial atoms.and quasi-molecules.are.in motion,
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.DEPOSITED ARTICLES "

" ASYMPTOTIC SOLUTION OF A v-RAY TRANSPORT EQUATION

- L. D. pPleshakov UDC 539,171,015

R A kmetlc equation is derlved that describes the transmission of radlatlon to large distances; an asymp-_

tOth solutmn is derived, which fully describes the scattered y-ray spectrum. This solution takes three differ-
ent forms, which are governed by the relatlon between the y-ray energy at the source E, and the value of .
Emm’ which corresponds to the minimum in the atteénuation coefflclent p(x). The spatial relatlonshlps derived

“"here andby U. Fano, J, Res, Nat. Bur, Stds.,51 95 (1953) coincide for Eg > Epyjp; for Eg~ Emm they differ somewhat.
U In the flI‘St -case, the spatial dependence includes that derived in [1] as a special case,

" The spectrum has been determined for cases where y (A\) may be approximatéd by an exponentlal or poly-
" “nomial of the first, second, or third degrees. These functions have a simple analytical form and can be used
"_Emthout a computer to calculate the spectra at any large dlstance from the source.

For E; <Emm, when the attenuation coefficientis approx1matedby the polynomial u (A) =¥ pg (A - 7\0)
Yt oug A=A ) + M3 (A - 7\0) , the energy flux density distribution takes the form

Q‘I

b

Adb . Y
Iz, .r»——)»o)-— Mo exp (—pgz) —(ﬂ‘%——[ B oon— Ao)] Ty
(o +1)-"
2u
5 (o h=b) 1
ex { - ———— [arct ———————— — aTclg — ]}
. oxP L I/ 4paps — o C3./ Aps —y dpada g
M ni : BE
"X 4.5 4y :
2w

(1422 g+ B2 iz

‘where A is the y-ray wavelength at the source, x is the distance from the source b= 21rrzn,, ro is the clas-
sical electron radius, n is the electron den51ty in the material, b is dn eigenvalue that determiines the y-ray

'transmlssmn at large distances, and I" (%) is the y function.’

; v - The spectra given by the analytical solution and by the method of moments show that the analytwal solu~
thIl can be used to calculate a spectrum from distances greater than ten times the mean free path for vxrtually

n ‘any medmm and for most source y-ray energies, ,
(No. 840/8034. Paper received October 1, 1974, abstract December 25, 1975, com- -
plete text 0.65 printers sheets, 5 Figs., 8 Refs.).

EFFECTS OF POLARIZATION ON y -RAY TRANSMISSION

BY MATTER
L. D. Pleshakov UDC 539,171.015

The kinetic equation for y-ray transmission in matter should incorporate the polarization of the scattered
v rays, since y rays after Compton scattering are polarized somewhat in a direction perpendicular to the scat-

5, pp. 411-417, May, 1976,

Translated from Atomnaya Energiya, Vol, 40, No,

. | This material is protected by copyright. registered.in .the name of Plenum Publishing Corporation, 227 West 17th Street, New.York, N.Y. 10011. No part
of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying,
m:crof'lmmg recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $7. 50.
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tering plane even if not initially polarized [1]. The kinetic equation in matrix form and incorporating the polar-
ization has already been derived [2]; however, no criteria are available for incorporating the polarization.
Usually, the effects of the polarization are determined for a given particular case by comparing the results
with and without correction for the polarization effects. :

Here it is shown that, even in the very simple plane-parallel case with v rays propagating from an un-
polarized source, one needs to solve a system of two coupled integrodifferential equations, If the small-angle
approximation applies, the system reduces to the usual kinetic equation neglecting polarization, Consequently,
that equation may be solved in the small-angle scattering approximation, and exact solutions obtained by nu-
merical methods (for instance, by the method of moments) will give accuracy no higher than experiment.

We introduce the parameter 5, which enables one to judge how far the small-angle scattering approxima-
tion is applicable and consequently when one can neglect polarization effects. The value of  may be calculated
as a function of Z and for various source energies, which allows one to predict under what conditions the polar-
ization effects will be maximal or minimal, If n<« 1 at distances of 10~15 mean free paths from the source,
comparison with detailed calculations by Monte Carlo and moment methods shows that the contribution from
polarization effects to the radiation transport at any distance from the source does not exceed a few.percent,

These results define the lower bound (as regards y-ray source energy) to the use of small-angle scatter-
ing and hence the lower bound to the use of the kinetic equation neglecting polarization effects. Approximately,
this bound lies for elements with Z < 10 and 10 < Z < 50 at Ey = 0.8-1.0 and 0.5-0,7 MeV, respectively.

For elements with Z > 50, the limit lies at a source y-ray energy such that one can assume that the scattering
occurs at free electrons, Below this limit the polarization effects must be incorporated. The maximum con-
tribution from the polarization effects for y rays at large distances from the source should occur in light media
with Z < 10 at source energies E; of about 100 keV, -
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(No. 841/8416. Paper received July 14, 1975, abstract November 25, 1975, complete
text 0.45 printers sheet, 1 Table, 4 Refs.).‘ :

THE REACTIONS BETWEEN URANYL CHLORIDE
AND ZIRCONIUM TETRACHLORIDE IN A SODIUM
CHLORIDE — POTASSIUM CHLORIDE MELT

“T. F. Babikova, Yu. S. Sokolovskii, UDC 546.791,6'131-143:546.831"' 131-143
and M, M, Sroelova- ’

A A study has been made of the interaction of UO,Cl, and ZrCl, in an NaCl—KCl melt at 700°C, with uranium
concentrations of 5-25 wt.% and UO,Cl,/ZrCl, ratios of 0,5-2.0,

The reagent products were identified by chemical and spectrophotometric methods; also, the molten NaCl
—KCI~ (UO,Cl, + ZrCl) mixture was tested for resistance to reduction (with zinc) and to decomposition on reduc-
ing the partial pressure of chlorine by flushing the cell with helium. '

It was found that the interaction of UO,Cl, with ZrCl; occurs without change in the valency of the uranium,
and also without deposition of solidphases (UO,, ZrO,) or gaseous ones (Cl,), being restricted to the formation
of complexes, which are linked by oxygen bridges into chains of U—O—Zr type.

(No, 842/8111, Paper received December 9, 1974, complete text 0.45 printers sheet,
3 Figs., 2 Tables, 5 Refs.). -
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DIFFERENTIAL MACROSCOPIC SCATTERING COEFFICIENTS

FOR LOW-ENERGY y RAYS IN AIR

'S. N. Sidneva and A. S, Strelkov UDC 539.166.3

Two types of scattering have to be considered in determmmg the transport of low-energy y rays in air
(E <100 keV)_ coherent (Rayleigh) and incoherent (Compton) , il both cases on the basis of electron binding in

" the atom, The differential macroscopw coeff1c1ents for these processes for a1r take the form

F”(E CD)d.Q =

2 dcr
6]

—0.0019291 ( ) FR (E, ®) sin ® dD [cmz/g]

. K
dipe (E, ©) = d°°

2 n,S; (E, ®)dQ =

2z

—0.0019291 (= 2 d"gg ) S, (E, @) sin @ dd [cm*/g],
0

where doép/dQ is the differential cross section for Thomson scattering, d5K N/ dQ is the Kléin— Nishina scat-

.- tering cross section, Sy is the 1ncoherent—scatter1ng function for an atom, Fz is the atomlc form factor, ry is
the classxcal electron radius, and ny is the rumber of N, O, and Ar atoms in a gram of air,

'The available published evidence for S, and F at 10 =< E = 100 keV and angles 0= ® = 180° has been _

used to tabulate the following curves:

duR dl‘;l' . dl"c ch »
dpg, R/dQ, o) /dsz ; / and

L]
SdPEZR smCD,d(D/nd—”L sin®d @

which are the d1str1but1ons for the scattering probabilities for given angles, which enable one to find scattermg .
angles in simulating paths in statistical calculations. » :
The differential interaction coefficients can be used in analytieal calculations by representing Fi and

8¢ as
.

Fp (E, ®)=ay exp (eo] +asl?);
: : S, (E, @) =by [1—exp (bl +b3l?)]
(here I= (EkeV/ 12, 34) sin ¥/2), Wthh approximate the caleulated FR and Se with avarage error of ~ 5~ 10%
To simplify statistical calculations for low-energy quantum scattering it is best to use welghted interac-
© tion cross sections, which prov1de the scattermg angles readily,

It is convement to take (d pR  /d§) = ¢ exp (— 0212) 0.0019291 as the weighted cross section for Rayleigh

9.704 for 0 < I = 0.5 and with ¢; = 16.94; ¢, = 0.57 for 0.5 < 1 = 2; ¢ = 3.83;

interaction, for c¢; = 226.8; ¢, =
e following

‘¢, =0.254 for 2 <I =4 and ¢, =0 for I > 4. Use of the we1ghted cross section in this form gives th
simple relatlonshlp for ®:

- sin(D/2=]/——1ﬁ in(M—gL) ,

where L, M and N are numerical coefficients and € [0, 1] is a random number.
- A published method [P. Cavanaugh and A, Ch11ton, Nucl Sci. Engng., 53, No. 2, 256 (1974)] can be used
to determine & for Compton interaction,

Numerical evaluation of the statistical weights, which balance out the bias in the result,

/'lp‘cR>

Wo, p=—he R d}’jc' R 3
c’

Me, R

glves Wg in the range 0. 6-2, with Wc in the range 0. 8-1.8, which values are qu1te acceptable from the view-
point of smobth convergence in statistical calculations. v

s4.95 .
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(No. 839/8434. Paper received July 18, 1975, complete text 0.6 printers sheet,
2 Tables, 13 Refs,).

vy-RAY MONITORING OF REACTOR POWER

A. B, Dmitriev and V. S. Shepel® ' ' UDC 539.074.22

When a y-ray detector is used to monitor reactor 'power, a problem arises in adequate separation of the
prompt and delayed components of the y rays.- A differential ionization y chamber hasbeenused, whose sections
are connected differentially and which differ in spectral sensitivity for y rays. The sensitivity relation between

the sections is taken such that the current difference is almost zero with the reactor shut down. A description
of the differential chamber is given, '

Lu
100

Fig. 1. Current in the y~chambers as a
function of reactor power,

1 1 —
1 10 00 W, kW

Figure 1 shows the current in the y-chambers as a function of reactor power; curve 1 is for the differen-
tial chamber at the edge of the core and set to zero with the reactor shut down; curve 2 is for an ordinary two-
electrode chamber at the same point, and curve 3 is for a two-electrode chamber in the reactor shield behind
the reflector. These curves illustrate clearly the advantages of the differential y chamber, whose current is
directly propertional to the reactor power above 1 kW, If the apparatus has a limit of detection of 10=° A, no
unbalance in the differential chamber as a result of shift in the delayed y-ray spectrum occurs for a period
of 12 h after shutting down the reactor, This method of power monitoring provides an adequate output signal
and can be used with traditional methods in reactor monitoring and control systems,

(No. 843/8175, Paper received January 22, 1975, abstract June 6, 1975, complete
text 0.3 printers sheet, 2 Figs,, 8 Refs.).

NEUTRON-ACTIVATION ASSAY OF URANIUM AND THORIUM
IN ROCKS WITH AN ANTICOINCIDENCE SPECTROMETER
V. R. Burmistrov and T. N. Madiyanov : UDC 543.53
" The scope for determining uranium and thorium in geological specimens by instrumental neutron activa-
tion has been examined; the sensitivity has been improved by combining an anticoincidence spectrometer (2]
with the standard method [1] of irradiation with resonant neutrons. This reduces the background by a factor 4,

which improves the sensitivity by the corresponding factor. The following isotopes and y lines were employed:
29\p for uranium and %**Pa for thorium (T of 2.35 and 27.4 days, E, of 228 and 278 or 312 keV, respectively).
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TABLE 1, Activation-Analysis Results for Uranium and _Thorium in Rocks

. Activaton-analysis results
Standard Element Content (%) given , i G
rock by other methods content No, of parallel coeff, of varia-
%, P=0,95 | meas, {tion, %

Ur -240s U 0,24 0,232-+0,009 .10 5,5
Th - {9,9+0,2) 10-3 10 , 10"

Ur-4Ts . U 4,7-10-2 (4,7£0,14) 10-2 10 4

: Th - _ (2,2:0,16) 10-3 0 10

D-8 v (1,2—1,3) 10—4 | (0,83+0,14) 10-4 5 13
. ~  Th ‘ 4,7-107% (6,7+0,7) 1074 . 9 _ 13,6

| 224-b/67 | U 2,1.10-4 ‘ '(2,1=:0,3) 10 5 12
’ Th 8 10-3 | (2 3+0,1) 10‘3 9 7 .

\

The sample of mass 0.5 g is exposed to an epithermal neutron flux of about 5 - 10 neutrons/cm?-sec for
3 h, with the y rays recorded by a Ge (Li) detector of volume 25 c¢cm?® and resolution 7 keV at 661 keV.

Rock samples of four types were examined: . standstones, limestones, granites, diorite, gabbro, porphyrite,
etc. The limits of detection were (4~8) - 10~® for uranium and (5-10) - 10"6% for thorium; isolated minerals
(sphalerite, pyrite, chalcopyrite, and galena) gave poor results: (2-4)- .10~ for uranium and (2-7) - 10~49 for
thorium. There was interference from Zn, Sb, As, Cd, and Ba. .

" Tests were also made to determine the uranium and thorium concentration ranges within which there was
no self-screening; if a cadmium filter was used, self-screening began to make itself felt at uranium concentra-
tions of 5-10"1% and thoritim concentrations of 2%. If no cadmium was used, the effect became appreciable

at 5% uranium, whereas there was no effect for thorium up to 10% concentration.

Many of the specimens had previously been analyzed in various laboratories by other methods isotope

dilution, emanation, track methods, x-radiography, luminescence, and radiometry. The results for the range
(1,075-2+10-Y)% agreed with those from activation analysis, Table 1 gives the results for uranium. and thorium

in standard rocks, for which the concentrations were known.

The uranium contents for the standard rock Ur-240s and UR-47s are certified values (thorium not deter-

mined). The uranium and thorium have been determined in various laboratories for specimens D-8 and 224~

b/ 67, but the values have not been certified.
LITERATURE CITED

1, ° E. Steinnes and D, Brune, Talanta, 16, No. 9, 1260 (1969).

2.. V. R, Burmistrov et al,, in: Industrial Activation Analysis [in Russian], Fan, Tashkent (1974) p- 46.
(No, 844/8187, Paper submitted January 30, 19 75, complete text 0,35 printers
sheet, 1 Fig., 1 Table, 9 Refs.). .

A DEVICE FOR NEUTRON FLUX AND SPECTRUM

MEASUREMENT IN A REACTOR CHANNEL

- F. M. Arinkin, G, A, Batyrbekov, UDC 621.039,55:621,039.573 -

Z. B, Bekmurzaeva, V. N, Kiselev,
"and Yu. A. Sobolev -

Tests inside reactors on highly enriched fuel assemblies often require a specified neutron spectrum, a
given heat dissipation and heat distribution within the fuel pins, and other such conditions. The present device
uses absorbing screens made of 3He and cadmium, which allows one to meet some of these requlrements.
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- Fig. 1, a) Vertical distribution of energy release in rod assemblies: ———)Pd = 0;

—= =) 1,2;—) 7.6; —** and —-+) 0 and 7.6 (assemblies surrounded by cadmium
shield; b) distribution of 23U fission density along a diameter in a rod model:
A) Pd=0;9) 1.2;0) 7.6;Jand A) 0 and 7.6 (assemblies surrounded by cadmlum
" shield).

The device consists of three coaxial cylinders made of stainless steel of wall thickness 2 mm, which are welded
to a common base and flange. The height of the active part is 580 mm. The *He is supplied to the cavity formed
by two of the cylinders with a distance of 7 mm between the walls. If necessary, a cadmium sheet of thickness
0.5 mm can be placed in the specimen chamber. The chamber is connected to.a cylinder containing *He and a
collecting system with shutoff valves and gauges. The system contained six vertical fuel-pin models of height
30 mm, which were made of UO, tablets enriched to 90% in U and of diameter 9 mm, The fuel-pin models
were separated by inserts of height 40 mm, The pins were placed in a heat-transfer graphite sleeve and set

up in the cavity. The following neutron characteristics were dependent on the 3He pressure: U fission rate
within the device, total energy release within the pins as determined calorimetrically with thermal-analysis
equipment [1], the detailed energy distribution in radius and height as determined by autoradiography [2], and
the distribution of the thermal and fast neutron fluxes in the core and working cavity.

Figure 1la shows the distribution of the energy release over the height of an assembly for various Pd.
The mean energy release (from absorption by 3He) falls almost by a factor 2 for Pd = 7.6 (P is gas pressure
in atm and d is gas layer thickness in cm). The attenuation factor for the fission density in 23U was measured
by a fission chamber and found as 2.3; when a cadmium screen was used, the effect from the SHe was much
less; at the same Pd, the energy release (by absorption in *He) was reduced by a factor 1. 2. The skewness
in the distributions (the dip on the left side) is due to the control devices, Figure 1b shows the ?**U fission
density over the cross section of one of the pins. The energy deposition decreases as the gas pressure in-
creases, while the fission distribution becomes much more even along the radius and along the length., The
nonuniformity factor (ratio of the maximum emission density to the average) falls from 1,61 to 1.44 for the
radius at Pd = 7.6, while the figures for the height are from 1,57 to 1,39, :

The distribution of the thermal and fast neutron fluxes were measured with activation detectors, which
showed only slight deviations in the neutron distributions within the core. The measurements were in good
agreement w1th calculations performed in the S, approximation,

LITERATURE CITED

1. Yu., L. Tsoglin et al., in: Neutron-Flux Measurement on Reactors an_d Accelerators [in Russian], Vol. 1,
~ Izd. Standartov, Moscow (1972), p. 151. _ :
2, A, Ertaud and P. Zaleske, J. Phys. Radium, 14, 191 (1953).

(No, 845/823L, Paper received March 10, 1975, complete text 0,45 printers sheet,
4 Figs., 4 Refs,).
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NEUTRON-FLUX STABILIZATION FOR REACTOR CHANNELS
A. N, Kosilov, A. P. Kryukov, UDC 621,039,55

V. T. Neboyan, P, T, Potapenko,

E. S, Timokhin, and A, P. Trofimov

Research- reactor operation requires automatic control or at least stabilization of the neutron flux at the
exit from an experimental channel.

It is shown that a local neutron-flux transducer can be used in the reflector with a scatterer to deflect
thermal-neutron flux from a tangential vertical channel {1]. This devicehas been used with the IRT-2000 re~
actor at the Moscow Physics Research Institute to examine the performance of local regulation systems to
stabilize and control neutron fluxes in horizontal and vertical channels near the scatterer for various control
laws, -

The transducer was a graphite scatterer in the form of a cylinder 35 mm in diameter and height 70 mm,
which was enclosed in an alummum tube and worked with a KNK-53 ionization chamber. The scatterer and

chamber were placed in a VEK-2 vertical channel; the scatterer was at the level of the center of the core,
while the chamber was 400 cm above this, under the shielding plug [2]. The position of the scatterer with re-

spect to the chamber could be altered,

The current from the ionization chamber was plotted as the function of the position of the scatterer rela-
tive to the core, and this closely reflected the neutron flux distribution over the height of the core,

The reactor control system consisted of a rod integral-power regulator in conjuction with a neutron—flux
regulator; there were no artificial links between the regulators. The local regulator was examined in the local-
flux stabilization mode and in the integral-power stabilization mode on 1ntroducmg local reactivity perturbation
with manual control rods, and also in the mode in which the local neutron flux was varied at constant integral
power and the mode with stabilization of the local neutron flux with variation in the integral power.

In all experlments the thermal neutron flux at the exit from the nearest honzontal channel was measured.
The control system maintained the present value to +£1%. This method of stabilizing neutron flux can be applied
to other research reactors, with cons1derab1e gam in experiment performance,

LITERATURE CITED

1. . A P. Kryukov and B. S. Kaminskii, in: Neutron-Flux Measurement on Reactors and Accelerators [in

‘Russian], Vol. 2, Izd. Standartov, Moscow (1972), p. 96
2, G. A. Bat', A. S. Kochenov, and L. P. Kabanov, Research Reactors [in Russian], Atomizdat, Moscow

(1972).

(No. 846/8234. Paper received March 10, 1975, complete text 0,45 printers sheet,
5 Figs., 4 Refs.). ’

OPTIMIZATION IN QUANTITATIVE ACTIVATION ANALYSIS

M. G, Davydov and A, P. Naumov UDC 543.53

An optimization function is given for activation analysis, which amounts to quantitative determination of
element concentrations in a matrix subject to specified lower limits. The opt1m1um analysis conditions are to

be defined by locating the minimum cost for a multielement analysis S:

- ‘
T to; - Cabeg s 4 Cas
S=2' aitirr ;+ Qetei +*stcoi + % +a

. »”'i .

i=1
S-‘Ubje(?t to the condition' "
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where oy, 0,, and o, are the costs of unit irradiaton time, unit cooling time, and unit counting time; tjyri, tef,
‘teoi are the irradiation, cooling, and counting times in determining element i; @y is the cost of auxiliary oper-
ations of element i; & is the cost of preparing standards, monitors, and so on; nj is the number of elements to
be determined at the same time as element i (including the latter); q is the number of elements to be deter-

mined altogether; C;, is the lower bound to the possible concentration of element m in the sample, and Cqm
is the limit of detection for element m,

It has been found [L Currie, Anal. Chem., 40, 586 (1968)] that
CszKQa(CQm):

where 1/ Kq is the maximum acceptable relative error in determining the concentration of element m in the
analy51s and ¢(Cm) is the variance of the concentration for element m,

As o (CQm) has to be known, an expression is derived for ¢ (Cy,) for the relative method of y-activation
analysis, which incorporates the instrumental error, As monitoring is widely used in practical analysis, an
expression is derived for o (Cy,) for this case also. Criteria are also given for correcting the instrumental
error for CQm. The condition for existence of CQm is used to draw up specifications for the equlpment para-
meters that have to be provided for an optimum to exist.

(No, 847/8328. Paper recelved May 21, 1975, complete text 0.45 prmters sheet,
13 Refs.).

LETTERS TO THE EDITOR

CORRECTION FOR TIME: OF FALL IN NEGATIVE-REACTIVITY -
DETERMINATION BY ROD-DROP

O. A. Elovskii _ UDC 621.039.562:621.039.519

The rod-drop method is one method of determining negative reactivity from small values up to above 1
for Bef [1]. The integral form of the method (the integral count method [2]) provides a simple realization of
high statistical accuracy no matter what the reactivity. The method presupposes a stepwise change in the re-
activity in a critical reactor. The finite time of rod drop is neglected in the interpretation which results in
a systematic error, which can be appreciable [3-5]. The point model has been applied to the kinetics subject
to certain assumptions to provide a reasonably rigorous analysis of the systematic error arising from the
finite time of fall, In that case, the change in the neutron density n(t) on introducing the reactivity p (t) into
a crltlcal assembly is described bya standard system of equations:

o _ert, (t)+2 MC (85 R SV

i=1

dc; (t)
dt

= = MOy )+ n (®), _ ' (2

where A* = A/ (Bef); p* () =p ()/ (Befl) , and the other symbols are usual ones.

The integration in (1) and (2) for instantaneous injection of negative reactivity p* (t) =—p* leads via
simple steps to an expression used in the integral-count method:

6
om0 (AT D) aidh) :
o= — , 3

S ng (t) dt
0

Translated from Atomnaya Energiya, Vol, 40, No. 5, pp. 418-420, May, 1976, Original article submitted
July 15, 1975. '

This material is protected by copyright registered in the name of Plenum Publishing Corporation, 227 West 17th Street, New York, N..Y. 10011. No p_art
of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, _mechamcal, photocopying,
microfilming, recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $7.50.
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Fig. 1. Experimental system: 1) reactor; 2) con- -
trol rod; 3) -support;-4) cable; 5) electronic equip-
ment; 6) cylinder’ containing water; i) p1ston '

@ angular size (deg) of sector in piston; t (sec)
rod fall time.

2

s
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0 025 850 675  t/ty, 0 15 30 45 g0tysec

Fig. 2. Results: a) flux change produced by rod for p% = 2.15 (e
and @ for t; of 0.5 and 6 sec, respectively); b) reactivity as a func— :
tion of rod fall time (® neglecting actual motion as in (3); A and A
mcorporatmg real motlon in accordance w1th (8) and (5), respec-

mdependently measured reactivity [l) p} =—4.05 £ 0,002; 2) p’5 =
-2.15+ 0, 01 3) pt =—0.81 + 0,005].,

where n(0) is the neutron density in the critical reactor wh11e p’5 and n, (t) here and subsequently relate to in-

stantaneous react1v1ty change,

- In practice, the reactivity change occurs in a finite time t; in accordance with a law determined as a
whole by the reactor design and characterlstlcs. In that case, the value of pto given by (3) on the basis of the

real n(t) contams -an error, - -
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Simple steps from (3) allow one to relate pto, as derived from the measurements to p¥; for this purpose
we introduce the factor

§ n(®)—ng (&) at , ,
Pty P9 =—" ! o @
r(0) (A*+ D) ai/hy)
i=1

. whose value by definition is responsible’ for the systematic error in the react1v1ty for a finite drop time, Then
from (3) and the expressmn for 'y (tgs M, we get

or.
* _ . :
O TRy g, 07 ; | )

As{A*/n)(dn/dty «< p* (1), from (1) we have

A* P MCi(0)

i=1 . V ' 6
"= mmrT . ©

Integration in (2) with all the delayed-neutron groups gives

6 6
A* \ AiCy (t)—z a; exp (—A;t) +2 ash; exp (—hst) S n(t)exp (A, t)a'r (7)

1—1 i=t i=1{

Usually, the reactivity as a function of time during rod drop is closely described by p* () = —bt% the
latter may be used with (2) and (6) on the assumption that there is a single effective group of delayed neutrons,
which gives an analytical solution for n(t}. Then (4) and (5) give a solution for p%} in terms of measured quanti-
ties only:

| 93=p:;[i+(ﬂ%{h—‘iarctg1/§o‘—1) = . ]
v ' (8)

Although (8) has been derived on the assumption that the error is small, the results are satisfactory
even if the error is around 10%; estimates show that good results can be obtained if in calculating y ({yp*) one

assumes that Y [n(f) — ne (8] dt =~ 0. Then one can derive p} from (5) by using tables for y (t;, p*, as calculated

for the law of variation in p* (t) with possible values for t; and pto, and in (4) for v (t;, p*) the integration is
performed over the finite time interval t (0 =t =tj).

This approach can be applied to the systematic error arising from the finite time of rod drop and has
been tested for rods in a fast critical assembly. One of the dropping control rods had a drop time adjustable
by connection to a mobile piston (Fig. 1a). This piston moved in a cylinder containing water. The time of fall
was adjustable between 0.5 and 6 sec by adjusting the size of the hole in the piston (varying the angle ¢ in Fig,
1b and ¢). Control rods of different diameters could also be used to vary the reactivity, The time course of
the neutron flux as measured on dropping the rod (Fig. 2a) agreed well with that calculated from (6), where
the reactivity change was approximated by p* () =—bt? (b = ¢}*/t}; whenthe rod began to move, the scalers were
started (Fig. 1), which recorded the pulses from 6 neutron detectors (SNM-11 counters), which were placed
within the reactor at a reasonable distance (about 1,5 m). The reactivity was calculated from (3) on the basis
of the contribution to n(t) from the natural background.” For each t, and p% we performed several rod drops;
Fig. 2b shows the results from the drop method as averaged over all channels for each t;,, The systematic
error was elminated by using (5) and (8). A calculation on the basis of the actual rod motion gave results
that agreed closely with those from other methods of reactivity measurement (Fig. 2b), '

I am indebted to E. S. Matusevich and V. Ya, Pupko for valuable comments on the work, and to M. E.
Kolchin, A, L. Shmotin, K, M. Kotov, L. M, Razina, and V, D. Tsverave for assistance in the experiments
and in processing the results,
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AN INVESTIGATION OF THE PARAMETERS OF A CRITICAL

- ASSEMBLY

UDC 621.039,51

E. Ya, Tomsons, V., V. Bute,
7~

V. V. Gavar, A. S,IDindun, ‘
U. A. Kruze, and E, Ya. Platatsis

The loading of the fissionable material of a nuclear reactor depends directly upon the number and geo-
metrical shape of the fuel elements and their arrangement in the active zone and also upon the composition and
thickness of the neutron reflector (water, graphite). The i‘éactivity equivalent of the regulators of a eritical
assembly depends upon the composition of the active zone and the neutron reflector and also upon their location

in the reactor..

The nuclear physical parameters of three configurations under ir_ivestigation of a critical assembly con-
sisting of fuel assemblies (FA) are compared in this article, _

Characteristics of a Critical Assembly, We use in the critical assembly the four-tube fuel assembiy of
the IRT-M reactor [1] manufactured of a uranium-aluminum alloy and containing on the average 170 g of uranium
enriched 90% in 2%U, The average height of the uranium layer in the fuel assembly is 580 mm. The fuel assem-

bly occupies a cell in the active zone having the cross section 71.5 X 71.5 mm. It is possible to extract the
central tube of the fuel assembly and install in its place a channel for a control rod or an experimental channel,

o

, g3 Y ' Ne5 .
| @‘ @ SM A : @ Water
- |®@ e - XYo@ |
(@) ‘-% S Graphite 0 < 0O Graphite. |S
QDIB[=| © o @B e
214,‘.)' . Water .
Water - ‘7'_50 - ’ @m}p . @ "
® e @
Q- Neutron source @-Rod AR ; ‘ ] - Fuel assembly
®-Rod AZ-1 " @~ Rod AZ-2 '
(™ - Rod RR-1 © - Rod RR-2 . : : P - Graphite element

_Fig, 1, Diagram of the configurations of the No, 3, 4, and 5 critical assembliés. .

_Translated from Atomnaya Energiya, Vol, 40, No. 5, pp. 420~422, May, 1976, Original article submitted
December 13, 1975, . ‘ ’ . ) i .

This r.naten'a? is protected by copyright registered in the name of Plenum Publishing Corporation, 227 West I 7th Street, New York, N.Y. 10011, No part
of__rhxs pl{bltcanon may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying,
microfilming, recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $7.50.
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TABLE 1. Basic Nuclear Physwal Parameters of the Conflguratlons of the Critical As-

sembly
Configurations
Parameters
N3 N N5

No. of fuel assemblies, pieces . ) . 15(3%x 5 12 (3X4 10 (2x4)4-2
Amount of 2%§U in the agnve zone, g. i 2(50>1< ) 1(96>1i ) (1f>5<12)+
Neutron multiplication factor of an infinite active zone Ky 1,84 1,84 1,84
Effective multiplication factor Keff 1,0082 1,0053 1,0069
Material parameter of critical assembly B?, cm? 1,62.1072 1,62-10-2 1,62-10-2
Eff. fraction of delayed neutrons Beff . 0,00824 0,00824 0,00824
Eff. contribution of reflector, cm: :

end reflector — water : 6,5 6,5 6,5

side reflector — water : - 5,4~-5,6 5,456 —

side reflector — graphite — S 8,15 8,15
Compensating pewer of rods, AKX/ K . o

AR - 2,16-10-2 1,32.10-2 4,60.10-3

RR-1 2,16-10-2 - 2,61.1072 3,10-10-2

RR-2 2,77-1072 - 3,70-10-2 2,67-102

AZ-1 . 4,08-10~2 2,70-1072 2,50-10-2

AZ-2 4,08-10-2 4,60.10-2 3,83-10-2

The critical assembly is located in an aluminum tank 2.5 m in diameter with a height of 2.0 m and a
volume of 9,8 m? [2]. Two vertical columns are mounted in the tank along which the frame of the active zone
can be moved by servomotors to a height of 2.0 m at a speed of 0,21 mm/sec. The elements of the active zone
and the graphite reflector are attached to the frame,

The critical assembly is controlled by a single automatic regulating rod AR and by two compensating
_rods RR-1 and RR-2, and protection is controlled by two emergency protection rods AZ-1 and AZ~-2 (Fig. 1).
All the rods are manufactured of Duraluminum tubes 20 x 1 mm in size filled with boron carbide (530 g of
B,C per rod), with the exception of the rod AR of the critical assembly of configuration No. 5, which is manu-
factured of Kh18NL1OT steel (tube 20 x 4 x 1755 mm in size). During the starting-up, a plutonium—beryllium
neutron source with an intensity of 1. 10® neutrons/sec is introduced into the center of the active zone,

The monitoring of the control and protection of the critical assembly is accomplished by three neutron
counters of the SMNO-5 type, the ratemeters PI;-4, PI,-4, and PI-5, six type KNK-56 ionization chambers,
power control devices PG (UI-12, M-95) and SM (EPPV-51), protection amplifiers UA{-9, UA,~9, and AZS
(AZS-2M), and an automatic regulation system ZM (ZM, UR-8, EMU).

Nuclear Physical Characteristics of Configurations No, 3, 4, and 5 of the Critical Assembly. The neutron
moderator of the critical assembly is water. The upper and lower neutron reflectors consist of water and the
aluminum end elements of the fuel assemblies. The side reflector of configuration No. 3 consists of water;
that of configuration No. 4 of water, a graphite prism 550 mm thick, 600 mm wide, and 500 mm high, and four
graphite slugs of the same dimensions as the fuel assemblies; and that of configuration No. 5 consists of gra-
phite from 200 to 470 mm thick (see Fig. 1).

The critical loading of the active zone with the water neutron side reflector was attained at 15 fuel assem-
blies and with the graphite reflector at 10 fuel assemblies (see Table 1).

4 4 : 4
Nu N3 - w4
X oo L 3
N 3 -
S i rr-2 A FEL
= Ve o 2
B i AR
8 T+ 1
TSRS R 0

g
10 0 10 20 30 40 50 60 -1 0 1 20 30 40 50 60 0 0 10 20 30 40 50 60
Travel of the rods m the active zone, cm

Fig. 2. Variation of the compensating power of the reactivity of the control rods AR,
RR-1, and RR~2
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Fig. 3. Variation of the effective neutron muItipIication factor (1) [Kegs = f(0)] and the power (2) Qf
configuration No. 3 of the critical assembly in the process of the critical loading of the active zone,
Fig. 4. Variation of K¢ of the critical assembly as a function of the thickness of the single-sided.
graphite side reflector.

Thus the replacement of the water neutron side reflector by a graphite one decreases the critical loading
of the assembly by 35.6%. ' :

The compensating power of the control rods of the critical assembly (Fig. 2) depends upon their location
and the surrounding medium (see Table 1). The total compensating power of the rods AR, RR-1, and RR-2 of

configuration No, 3 of the critical assembly is AK/K = 6.72 . 10~2, and that of all the rods of SUZ is AK /K =
14.4-1072, Due to interference of the rods, their compensating power is decreased by 5.5%. The reactivity

_ of the rods was measured by the method of the asymptotic period of the reactor,

In the process of the critical loading of configuration No. 3 the variation of the multiplication factor and
the power of the critical assembly were measuredfor the arrangement of the SMNO-5 neutron counters and the
neutron source as shown in Fig, 1 (Fig, 3). During the loading of from one to 14 fuel assemblies the thermal’
power of the critical assembly, produced by the neutron source, increased by a factor of 83 and amounted to

 ~3.10°° W. The effective neutron multiplication factor of the critical assembly of 15 fuel assemblies with~
- out a neutron reflector, determined by the successive weighing of the fuel assemblies, is equal to 0.55.

. The graphite reflector 600 x 550 x 800 mm in size of configuration No, 4 of the critical assembly in-
creased the neutron multiplication factor by 0.136 (Fig. 4). The neutron multiplication factor for the medium
of an active zone of infinite dimensions and the material parameter cited in Table 1 are close to the calculated
values obtained by the use of the diffusion-age double-group method (cholc = 1.866, B’oa1c = 1.56-1072 cm?),
The calculated values are determined in the presence of all the fuel tubes in the fuel assemblies.

Thus the minimum critical loading of the reactor with a grélphite side reflector consists of 10 fuel assem-
blies and contains 1612 g of 235U, The replacement of the water side reflector of the active zone by the graphite
one reduces the critical loading of the reactor by 35,6%. The interference of the rods decreases the compensat-.
ing power of a rod by 5.5%. A singlesided graphite side reflector 550 mm thick increases the neutron multi-
plication factor of the reactor by 0.136. The experimental data are close to the calculated values obtained by

the double-group diffusion-age method.
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AMPULE DEVICES IN THE VVR-M REACTOR
FOR IRRADIATING CARBON-BASED MATERIALS

G. Ya., Vasil'ev, Yu. S, Virgil'ev, . UDC 621.039,55
V. G. Makarchenko, and Yu. P. Semenov. :

Materials are commonly irradiated in reactors to evaluate their scope for use in reactors, and also in

research on the structure of matter; this has required z variety of ampule devices and special channels for
specimen irradiation. Many descriptions have been given of such devices [1, 2].

Here we describe the ampules used in the VVR-M reactor, with results on the irradiation conditions.

The devices were intended for handling graphite specimens in the core, and also in vertical channels in the
beryllium reflector (V-2BS), and in the water behind the beryllium reflector (V-158). The maximal thermal-
neutron flux density (nt"o) and the fast-neutron flux dens1ty &¢ are listed in Table 1.

These devices prov1de a comparatively simple means of producmg several temperature zones sxmulta—

neously; the specimens are heated by the y rays absorbed by the graphite and by the neutron scattering. The
temperatures ranged from 70-90°C to 800-850°C. The temperatures were regulated by adjusting the gaps
between the specimens and the ampule walls, and also by introducing steel screens. It was not intended to
provide very precise temperature control,

The steel screens were centered within the body by three-point contacts; within the screens, or directly

" within the ampule in the absence of screens, there were hollow cylinders with dense graphite at the bottom,
with grooves on the outer surfaces, which provided for inserts to produce centering with a given gap. Layers
of the specimens were placed between the inserts (Fig, 1). There were also gaps between the inserts along
the length of the ampule. In some cases, the inserts were insulated by plates of thickness 2-8 mm made of
pyrolytic graphite, whose thermal conductivity perpendicular to the deposition planeis almost zero,

The irradiation temperature was determined by means of diamond indicators [3]; a graphite capsule

having the size of the specimen (diameter 4 mm and length 40 mm) was drilled with a hole containing a few
milligrams of diamond powder, These specimens were placed at various points in the ampule. The irradiated
powder was annealed isochronously with successive rises in temperature, with measurement of the lattice
parameter. This was performed by powder methods with K, radiation (cobalt) in VRS and RKU cameras of
diameters 143 and 114 mm, respectively. The error in determmmg the lattice parameter was +0,005 A.

The diamond could be replaced as a temperature indicator by natural graphite or by some material based

TABLE 1. Flux Densities (neutrons/ cm?. sec)
in the VVRfM Reactor -

of
1o - of .
Sgﬁme ' "™ | &> 1MeV] &> 0,18 MeV)
Core, cellsb= | 7.1013 |(5,1~6,4)1013|(10,6—13,4)1013
landl-1 ] ; :
V- ‘2Bs channel| 4.1013 3.1012 5,5.1012
in beryllium
reflector
. V-15S channel| 5.1012 | 1,4-101 2,6-10
) in water be-

hind reflector

Translated from Atomnaya Energiya, Vol. 40, No, 5, pp. 423-425, May, 1976. Original article submitted

January 15, 1975,
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Fig. 1. Ampule for irradiating graphite in VVR-M core: 1) body; 2) graphite liner; 3) heat screen;
4) diamond indicator; 5) internal integral liner; 6) specimens. '

Fig. 2. Determination of irradiation temperature by diamond indicator for ampule assemblies

as in Fig. 1: O) A, 200° B, 500% A) D, 570°% x) C, 760°C.
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Fig. 3. Temperature as a function of heighf for ampules of various designs used in the core:
X) no screens or liners; O) with liners; ®) with liners and screen; A) the same, evacuated (height
.of ampule and one liner shown on left),

Fig., 4. a) Ampule for irradiation in the VVR-M reflector (symbols as Fig. 1); b) effects of
annealing on lattice parameter of diamond indicator: O) A, 150°% A, €) B, 500 and 550°C,

on it, and this vsh‘ou'ld enable one to measure the specimen temperature directly, e.g., temperatures measured )
with natural graphite and diamond indicators were, respectively, 160 and 190°C. The difference in these tem-
peratures was due to a certain temperature gradient along the ampule. This was most pronounced in low-

“-temperature irradiation. On the-other-hand, the recovery of-the ¢ lattice parameter of artificial-graphite starts

- 507

Declassified and Approved For Release 2013/04/10 : CIA-RDP10-02196R000700070005-6




Declassified and Approved For Release 2013/04/10 : CIA-RDP10-02196R000700070005-6

at a higher annealing temperature because the material is more defective than natural graphite, Wthh hinders
recovery on annealing,

Figures 2 and 3 show some of the results. These were used w1th other data to construct the temperature
distribution for each of the various styles of ampule. The irradiation field in the reactor was symmetrical,
. as was the disposition of the specimens in a tube, so the number of temperature indicators could be restricted.
As a rule, they were usually placed only along one-half of an ampule.

Figure 1 shows various styles of internal sample assembly for unchanged external dimensions. If the
specimens were placed one after the other without gaps (Section AA Fig. 1), the temperatures varied from
140°C at the edge of the reactor to 325°C in the median plane of the core. The inserts spaced the specimens
from the water-cooled walls, which raised the temperature appreciably (to 500°C). If a massive rod of dense
graphite was placed at the center of an insert (Section DD, Fig. 1), the temperature could be increased by 50~
70°C. An additional steel screen between the ampule wall and the insert raised the temperature at the center
to 760°C. A further increase of 40-60°C was attained by using a screen in the form of a sealed cylinder evacu~
ated and filled with argon to 10'1_—10'2 mm Hg; this means that evacuation was largely without effect at 600°C
and above,

Figure 3 shows the distribution of the working temperature along the device for various styles of assembly
as determined with diamond indicators. If the screen was inserted only along parts of the ampule, the tempera~
ture fell sharply outside the screen (shown by arrow in Fig. 3). The inserts of pyrolytic graphite were very
effective, and screens and washers of pyrolytic graphite insulating the specimens from the walls raised the
temperature from 140 to 400-500°C,

Specimens in the reflector channels were irradiated in aluminum tubes, whose construction is shown in
Fig. 4. The graphite temperature did not exceed 140-200°C without spacing., If the specimens were placed in
copper holders with a gap of 1 mm from the wall, the graphite temperature rose to 500~550°C, In the channel
behind the beryllium reflector, the low flux intensity caused the lattice-parameter change in the diamond to be
small, so we were unable to determine the irradiation temperature in this way. One expects that materials
showing a larger change in lattice parameter such as natural graphite would be more effective.

It has thus been shown that simple elements such as inserts, screens, and insulating pyrolytic graphite
components canbe used in irradiating carbon materials in the VVR-M reactor to produce temperatures between
70-90 and 800°C in a single tube without evacuatmg the specimens.

LITERATURE CITED

1, N. F. Pravdyuk et al., in: Effects of Nuclear Radiations on Materials [in Russian], Izd. Akad. Nauk SSSR,
Moscow (1962), p. 34.

2. I. Snepvangers, RCN-INT 65—095 Petten (1965).

3. V. I. Karpukhin and V. A, Nikolaenko, Temperature Measurement with Irradiated Diamonds [in Russmn],
Atom1zdat Moscow (1971).

508

Declassified and Approved For Release 2013/04/10 : CIA-RDP10-02196R000700070005-6




- ABSORPTION LINE

Declassified and Approved For Release 2013/04/10 : CIA-RDP10-02196R000700070005-6

NEUTRON-SPECTRUM STRUCTURE NEAR A RESONANT

A. 1. Dod', I. M. Kisil', UDC 539.125.5.173.162.3

and I.-P. Markelov

When neutrons from a 6-type source are moderated in an unbounded elastically scattering medium [1], one

‘gets Plachek oscillations, namely oscillations about the asymptotic value. If one takes a negative source as
~ the perturbation, namely an absorption resonance of finite width, then this leads to averaging of the oscillg;

tions over the width of the resonance. Moreover, if this negative source is localized, as in a heterogeneous
reactor, the oscillation effect will decay away from the source,

Here we report experiments and calculations on the deviation of the neutron flux after the first collision
from the asymptotic distribution in a uranium-— graphite lattice at energies below the 6.68-eV resonance in

238y, |
The maximum enefgy loss on scattering of a 6.68-~eV neutron of ‘carbon transfers the neutron to the main
resonance of gold at 4,9 eV, which allows one to use the activation of gold indicators to record the radial dis-
tribution of the neutron flux below the 6.68-eV resonance in **3U, The flux distribution for the asymptotic spec-
trum below that resonance was measured from the activation of '°In, which has its main resonance at 1.49 eV,

The experiments were done with a uranium— graphite reactor having a lattice step of 20 x 20 ¢m and fuel
rods in the form of natural metallic uranium of diameter 3.5 cm [2]. There was a gap of thickness 4.5 mm between
the uranium and the graphite, which was partly filled with aluminum. The activity distributions for 1%m and
197Au were used to determine the coefficient Ko, which represents the reduction in the neutron flux in the region
of the first-collision energy after the 6.68 eV resonance of 233U, by comparison with the flux in the asymptotic

spectrum as a function of distance r; from the fuel rod:

€ [A(r:)/A(ro)lin—[A(r:)/A(ro)]au ' o ,
Kp= [4 (r:)/A{ro)]In ’ : . “ (1)

where r; is the distance from the center of the uranium rod to the cell boundaries.

A connection was applied for the neutrons absorbed in the ***U by using rods containing 2 and 0.71%
235U, and also containing partly depleted uranium. Then the values of A (ri)/ A (ry) for each point were extra- -
polated to zero 2%y content. Measurements with the 2%-enriched uranium and the depleted uranium were per-
formed with inserts of ‘height 240 mm, which were placed in the central cell as part of a rod of natural uranium.
The detectors of diameter 14 mm were surrounded by cadmium of diameter 20 mm and thickness 0,5 mm for
irradiation. The thicknesses of the *’Au and !*%In detectors were respectively 1.3 and 1 mg/cm?. Figure 1
shows the distribution of the activities of °In and *’Au along the radius for zero-enrichment uranium, together

with the value of K§.

We determined from theory the nonasymptotic deviations of the flux due to the negative source (resonance
at 6.68 eV in 2%¥U) from the activity difference in gold detectors in a heterogeneous cell with and without cor-
rection for the finite energy transferred to the carbon. The neutron flux was derived by the usual method of
determining neutron spatial and energy distribution [3]; this involves solving integral equations for many layers,
which are linked by the first-collision probabilities. The energy structures of the interaction cross sections
throughout the energy range were recoveredin terms of the known or mean statistical parameters of the reso-
nances, The calculations were performed twice for each cell with the above uranium enrichments: with an
exact scattering core for the carbon and with a hydrogen-type core. The results were extrapolated to zero

No. 5, pp. 425-426, May, 1976, Original article submitted
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Fig. 1. Radlal distribution of K_ and activity in gold and indium detectors a) K : ) Kt 0O) Kg
b) activity. Calculations: § exact; —————-— ) hydrogen-like scattering. Meas%rements O) gold;

4A) indium; I) uranium; II) gap; II) graphite.

Fig. 2. Enérgy dependence of the difference between the neutron fluxes for exact and hydrogen-
like scattering for moderator layers at distances (cm) from cell ‘center of: 1) 2.2-2,8 cm; 2) 2.8-
3.4 cm; 3) 3.4-4.9 cm; 4) 4.9-8.0 cm; 5) 8.0-11.3 cm.

uranium- enrichment, Figure 1 shows the calculated activity distributions for the gold detectors for the exact
and hydrogen~like cores for zero-enriched uranium, together with the KS, determined from the activities,

Figure 2 gives the ratios of the flux differehces for the hydrogen-like case ¢y and the exact case @ex, in
each case with respect to the flux in the hydrogen-like case.

It is clear that there is no asymptotic deviation of the first-collision neutron flux in a urainium-graphite
assembly on account of the 6.68-eV resonance in 2¥U, which reduces the neutron flux and thus the activation of
the gold by about 10% near a fuel rod and within it. The deviation falls to zero as one recedes from the rod.
The actual deviation must be larger, as Fig. 2 shows, as the maximum capture cross section for the resonance
in gold is somewhat shifted with respect to the minimum in the effect for the nonasymptotic deviations,

These results thus show that the neutron flux has a complex structure in a heterogeneous material near
a resonance. Apart from the direct neutron depletion by the resonance, and the associated flux depression |
near the resonance, there is a substantial flux depression away from the resonance throughout the cell on ac-
count of a marked reduction in the overall neutron flux density. ' '

This deviation in the flux density past the 6.68-eV resonance in 233U must be allowed for in interpreting
measurements with gold detectors in heterogeneous systems if the moderator is oxygen, carbon, or berylhum,
especially when the fuel contains 238y,

If the moderator produces a neutron-energy change comparable with the effective width of the 2381 reso-
nances, deviations will occur even within the resonance, which will produce the neutron flux in it and hence the
resonance integral, Our calculations indicate that a uranium —graphite reactor with a 20 x 20 cm lattice and
fuel rods of natural metallic uranium of diameter 3.5 cm should give 9% fall in the effective resonance integral
for the 6,68-eV resonance of 238U on account of the nonasymptotic deviation. If necessary, the effects of the
deviations on the measured effective resonance integral can be eliminated by surrounding the uranium block
by a cavity [4].

We are indebted to B. G. Dubovskii for assistance in organizing the experiments, to E, B. Pugacheva for
assistance in the calculations, and to V. V. Orlov and G, Ya. Rumyantsev for valuable discussions.
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CALORIMETER MEASUREMENT OF THE HEAT RELEASED

- BY IRRADIATED NUCLEAR FUEL

A, P, Kirillovich, P. S. Gordienko, UDC 621.030.59:621.039.526

and V. P. Buntushkin

Calorimetric methods are widely used in nuclear power for research in materials science, radiation
damage, and radiation energy measurement for radioactive decay [1]. Considerable importance attaches t6
calorimetric measurement of the heat released by irradiated fuel and other radioactive materials, since exist=
ing computational- ‘methods are fairly laborious and of poor accuracy (+20%) on account of lack of reliable evi-
dence on the radioisotope composition of fission products and also nuclear constants, The subject is of partic-
ular interest for fast reactors, which are of high energy output per unit volume and high residual heat release

in the fuel.
Here we consider a design of a calorimeter intended for remote measurement of heat release from fuel
rods and other radioactive materials; results are presented for irradiated rods from the BOR-60 reactor,

Construction, The following major specifications form the basis of the design: simplicity and reliability

under the conditions of remote operation in a hot cell; high and constant sensitivity over a wide range of heat
outputs, and unvarying performancemthe presence of intense @, 8, andy radiations. Conduction-type calorimeters v
(Calvet type) [2] meet these requirements most completely., A double (differential) calorimeter of this type.. -
(Fig. 1) was built for measuring the specific heat output from radioactive materials. '

The calorimeter unit proper was a copper cylinder having two holes each of diameter 30 mm containing
Chromel—nickel thermobatteries, which were insulated from the copper block by mica inserts of thickness
0.1-0.2 mm. The sample of radioactive material in a copper tube was placed in one of the ceramic tubes, which
were closed by heat-insulating plugs. Around each tube there were 12 thermobatteries, which were connected
in series and served to monitor the heat flux,

A thermobattéry was a mica substrate of size 30 x 10 x 0,8 mm on which there were 30 tirns of Chromel
wire of diameter 0.3 mm; a layer of nickel of thickness up to 100 y was deposited electrolytically on one side
of the substrate on the Chromel wire. See [3] on the technique of making such thermobatteries, The calori-
meter unit with its thermal insulation was placed within the body and set up in the shielded cell on a rotating
stand. The calorimeter was served by manipulators. Theé measuring system consisted of an F-116 dc ampli-
fier, interface unit, and EPP-09 recording potentiometer. The minimum measurable heatoutput was 0.9 - 107" w.

The maximum sensitivity was dependent on the number of thermobatteries used, as well-as on the dia~-
meter of the Chromel wire, the thermophysical characteristics of the insulators between the batteries, and the
performance of the secondary instruments such as the amphﬁer and recorder. The best performance in our

system was represented by a calibration factor of 0.5 107" W/mm.,

The thermo-emf developed by a battery is

where K is the fraction of the heat flux passing through the battery, € is the thermo-emf of the Chromel—nickel
couples, A is the thermal conductivity of the material, and @ is the heat flux from the calorimeter cell,

, Pp. 427-428, May, 1976. Original article submltted
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Fig. 1. a) Calorimeter unit; b) measuring system for energy release in fuel assemblies and
processing products: 1) insulating plugs; 2) ceramic tube; 3). ampule with specimen; 4) body;

5) lid; 6) insulating disks; 7) copper block 8) liners; 9) thermopiles; 10) dc amplifier; 11) match—
ing unit; 12) pen recorder.

Fig. 2. Instrument reading as a function of thermal power produced in calorimeter chamber.

All the major working characteristics were determined before the measurements were started, in partic-
ular the sensitivity and time-constant for heat loss from the calorimeter cell, The sensitivity was determined
with a standard electrical heater placed in the working volume. The current and voltage to the heater were
measured with classical M-82 instruments,” The known power input went with the readings of the recorder
(EPP-09 potentiometer) in the steady state to give the sensitivity as

K=Wi/h,

where W is the power deposited in the working volume in W and h is the instrument reading in mm.

Figure 2 shows that the sensitivity remained constant for heat outputs between the milliwatt and watt
levels. The time constant was found graphically by the method of [2] and was 1.5 min for our conditions.

The irradiated fuel specimén was prepared for measurement as follows. After the assembly had been
extracted from the reactor and the sheath had been removed from the fuel rod, the fuel in the form of tablets
or granules was carefully mixed, and an average sample of about 10 g was taken from a mass of 300 g by
repeated quartering, this then being ground up and further mixed. Small weighed amounts of this sample (100-
2000 mg) were placed in copper tubes, which wereweighed on remote-controlled balances to 0.001 g and trans-
mitted for measurement of the residual heat release,

The error in determining the specific thermal power output from irradiated fuel materials is dépendent
on many factors such as the error in the output instrument readings, error in measuring the current and voltage
to the calibrated heater, and the mass of the sample,

The specific thermal power output from any radioactive product or any heat-producing source generally

is defined by

UL w
P===

where I and U are the current and voltage to the calibration heater, and h and h' are the readings of the output
instrument during the sensitivity determination and the output measurement, with m the mass of the sample.

-The maximum relative error in determining the specific heat output was calculated from
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and did not exceed +5% for our conditions, ’i‘liis error remained constant over wide rahges in the heat output,
The limits to the use of the device for measuring the output in watts with an error not exceeding +5% are gov-
erned by the linear part of the relation of sensitivity to heat putput, a

~ Restlts, This apparatus has been used to measure the specific heat output for irradiated fuel from the
BOR-60 reactor after various irradiation times; the output after a buinup of 89,226 MW-day/ton U after opera-
tion for 452 effective days and cooling for 3 months was 95.8 W/kg (mean of 5 measurements). Fuel from the
end screens gave only 5% of the thermal power quoted above for the core fuel. When the cooling times were
increased to 6 and 10 months respectively, the specific heat output for core material fell to 25.0 and 16.9 W/
kg respectively, The operation was also tested on specimens of high-activity materials, with specific heat out-
puts from 0.1 to 550 W/kg. R ' '

The system has been operated for 2 yr in a shielded cell and subject to @, g, and y radiations; no changes
have been detected in the characteristics such as the sensitivity and time constant,
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. STRUCTURAL CHANGES IN IRRADIATED DYSPROSIUM TITANATE

V. M. Kosenkov, T. M. Guseva, UDC 621.039.53
S. A. Alekseeva, and V. K. Nevorotin

As nuclear-power engineering has progressed, the workload and the length of the operating period of
nuclear reactors have been steadily increased. At the same time, greater demands have been placed upon the
absorbing materials used in the reactors, One promising development is the use of rare-earth metal (REM)
compounds as absorbing materials. However, REM oxides are unstable in water, and react to fortn hydroxides;
which leads to an increase in absorbent volume, One miethod of increasing the corrosion resistance is td sta-
bilize the REM oxides with oxides of tungsten, titanium, etc, [1, 2]. This leads to the formation of compounds
MeOy, n*Me"Oy, which are stable in aqueous medium and have no polymorphic tiransformations in the range
20-1000°C. Change involume accompanies structural transformations induced on irradiation, but for REM com-

pounds no information is available on this subject.

:Materials and Method, Samples of Dy,Ti,O; were obtaired in tablet form (diameter 7 mm, height 10 mm),
by pressing together powders of the appropriate oxides and then sintering undet the conditions given in [3].

Samples sealed in a hermetic stainless-steel ampule were irradiated for 328 days in the active zone of
a VK-50 reactor, The flux of fast neutrons was 1.4 «10'? neutrons/cm? . sec and the total flux 3.6 10% neutrons
/em?; for thermal neutrons, the corresponding figures were 1 - 10'% neutrons/cm?.sec and 2.8+ 10!° heutrons/
cm?, The temperature of the samples was ~ 500°C, The samples were heated as a result of the occurence of
the (n, y) reaction and of y absorption in the active zone. The indicated temperature was achieved by introduc-
ing radial gaps between the samples and the ampule. '

The irradiated samples and the reference samples were investigated on 2 long-range dilatometer, the
linearbdimensions were measured, and an x-ray analysis was carried out on a DPD-4 long-range diffractometer
(K4 Cu radiation), »

Results and Discussion, X-ray ﬁho‘cdgraphs of unirradiated samples (Fig. 1a) show the preéenée of a
solid solution of Dy,0s in Dy,TiyO7. It is known [4] that the compound Dy,Ti,0; of pyrochlore type can dissolve
large quantities of Dy,0O;. The lattice pirameter for the unirradiated crystal is @jn; = 10.121 4 0.004 A, which

Translated from Atomnaya Energiya, Vol. 40; No, 5, pp. 428-431, May, 1976. Original article submitted
May 15, 1975,

This r.naten'a'l is protected by copyright registered in the nqu of Plenum Publishfng Corporation, 227 West 17th Street, New York, N Y. 10011. No parr
of_ thrs. pt{bllcanon may be reproduced, stored in a retrieval system, or transmitted, in any form or by any-mgaris,'elecirotric, mechanical, photocopying,
microfilming, recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $7.50.
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Fig. 1. X-ray diagrams for Dy,Ti,Oq: a) unirradiated sample; b) 1rrad1ated sample,
c) irradiated sample with the presence of x phase.

corresponds to 34 mole % Dy,0;. Irradiation leads to considerable structural changes in the crystal lattice.
The most pronounced effect on the x-ray photographs of the irradiated samples is the complete elimination of
lines with odd indices (Fig. 1b). At the same time thereis a redistribution of the intensity of the remaining

lines. Measurement of the shift in these lines (10.62) and (12 00) shows that after 1rrad1at1on the lattice param-
eter increases by 1% (@jpy = 10.222 A).

Two methods were used to determine the change in the external dimensions of the sample after irradia-
tion: direct measurement using a micrometer, and dilatometric analysis, Measurement of the length of the
same sample before and after irradiation revealed an increase of 1 £ 0 .02% in the external dimensions. For
the dilatometric ana1y51s 1rrad1ated and unirradiated samples were heated to 1000°C. An increase of 1% in the
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linear dimensions was established by this method also. Thus, the swelling of the samples under irradiation
was the result not of cracking nor of pore formation, but of increase in the parameter of the crystal lattice

due to structural transformations.

"The x-ray diagram of the irradiated sample in Fig., 1bcorresponds to the fluorite lattice. It is known

[4] that Dy,Ti,O; at high temperatures dissolves Dy,O5 with gradual transition from pyrochlore to fluorite
structure. At 1700°C 52.4 mole % Dy,Og3 is dissolved, and the structure is completely transformed to fluorite
with lattice parameter 10.36 A. Irradiation may lead to a change in the transition temperature [6, 7], and a
configurational change in the structure [5]. However, the x-ray diagrams of a number of irradiated samples

~contain new lines (Fig. 1c¢),indicating decomposition of Dy,Ti,O; and the formation of a new phase, It was not
possible to identify the new lines. However, although x-ray photographs were not taken for all the samples
before irradiation, there is indirect proof that these lines are the consequence of irradiation. On annealing,
these additional lines, like other aftereffects of irradiation, gradually disappear and the x-ray diagram is re~
stored to its initial form (see Fig. la). Small differences (see Fig. 1b-c) may also result from variations in
the conditions of irradiation of the samples in different parts of the ampule or from certain differences in the
conditions in which the samples were prepared.

In Fig. 2 changes in the properties of the irradiated samples on annealing are shown. At 600-700°C the
linear dimensions are restored more rapidly than the x-ray characteristics but at higher temperatures the two
rates become equal., Annealing for 2 h at 815°C removes 90% of the increase in the lattice parameters and at
the same time the intensity of the lines of the pyrochlore structure is restored, the additional lines disappear,

and the sample dimensions are restored.

The results obtained indicate that irradiation of dysprosium titanate leads to structural transformations
that are associated with a significant change in volume (Av/v = 3%). This is very important in considering the
dimensional stability of the absorbing core in the moderator rods and shielding of atomic reactors, It is neces-
sary to investigate these effects in order to find materials that undergo minimal change in volume on irradiation,
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SEPARATION OF ISOTOPIC MIXTURES OF HYDROGEN
IN THE HYDROGEN — PALLADIUM SYSTEM

B. M. Andfeev, A. S. Polevoi, - _ V UDC 621,039,3:546.11,02
and O. V. Petrenik

The two-component system consisting of molecular hydrogen and hydrogen dissolved in palladium is
characterized by a high value of the equilibrium coefficient o for the separation of hydrogen isotopes [1-4],
if the volume of the palladium is much greater than that of the hydrogen [1], In consequence, many authors
regard this system as promising for use in the separation processes associated with the localization and con-
centration of tritium [4, 5]. However, in the literature there is a lack of information on the kinetics of iso~
_topic exchange, which is required in order to determine optimal conditions for the separation of hydrogen
isotopes in counterflow columns, The aim of the present paper is to study the effects of the basic parameters
of the separation process (temperature, pressure, load) on the rate of interphase isotopic exchange, '

Procedure for Investigating the Kinetics of Interphase Isotopic Exchange, The method used to study the
kinetics was to make incremental changes in the concentration at the column inlet of one of the components
being separated, and to measure the change in the edge of the substance at the outlet [6]. A diagram of the
apparatus is given in Fig, I, The main part is an exchange column (length 80 ‘cm, diameter 5 mm) filled with
palladium black of grain size 0.3-0,5 mm. After preliminary heating and evacuation by a prevacuum pump, the
palladium black was saturated with hydrogen of known isotopic composition, held in a calibrated glass vessel,
From measurements of the pressure in the glass vessel, the capacity of the palladium black for hydrogen was
determined. The hydrogen blown through the column (a mixture of protium with deuterium or tritium) was
first passed through a system of traps cooled with liquid nitrogen, and its pressure and temperature were
maintained by means of a manostat and an electrical heating coil. The gas flow rate was monitored using a
rheometer, The pressure in the apparatus was held constant by means of a pressure regulator and was mea-
sured using a mercury manometer. Samples to be tested for deuterium were taken by means of a tap and an
ampule, and analyzed spectrographically on a DS-1 monochromator [7]. Samples to be tested for radioac-

n
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" Fig. 1, Diagram of the apparatus: 1, 2) system of cooled traps; 3) mano-
stat; 4) heating coil; 5) exchange column; 6) ampule; 7) manometer; 8)
mercury manometer; 9) rheometer; 10) pressure regulator; 11) calibrated
glass vessel; 12) flow ampule; 13) tap.

Translated from Atomnaya Energiya, Vol, 40, No, 5, pp. 431-433, May, 1976, Original article submitted
May 21, 1975; revision submitted January 15, 1976.
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TABLE 1, Effect of Load w and Pressure P
on Eff1c1ency of Separatlon of Hydrogen-
Deuterium mixtures at 19-25 and 100°C

o P,

T°, C mm He w, cm/sec HTU, cm
100 737 1,14 1,007
100 735 2,84
100 735 7,10
100 737 9,94

24T 750 1,76

25 1 732 2,76

25 :‘: 750 3,74

23 770 3,74

20 - 747 4,54

24 745 5,68

21 746 10,65

25 750 10,65

24 750 14,75

22 540 16,60

20 522 15,50

19 500 18,30

22 422 17,10

19 200 7,36

21 746 9,35

*The error in the value of HTU found from the yield
curve of protium washed from palladium is less than
in the inverse experiments, :
tExperiments conducted in & column of length 64

cm and diameter 6 mm.

hg o, cm

8- t=-78°¢
50 {

-61

50

49

30

20

w, em/sec ’

. Flg. 2. Dependence on load w of HTU for the
separahon of hydrogen— deuterlum and hydro—
gen—tntmm 1sotop1c mlxtures. ’

tive tritium were taken 1n a flow ampule and measured usmg an SBM— gas-f_illed counter working in the satura-'-

tlon mode,

Results for External-Diffusion Kinetics. The dependence of the rate of interphase isotopic exchange on
load and pressure was investigated at temperatures between 20 and 100°C for hydrogen— deuterlum isotopic
mixtures. From the results (Table 1) it 1s ev1dent that regardless of the load w and pressure P, the helght
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corresponding to transfer unity (HTU) calculated from the change in gas concentration is hy ¢ ~ 2 cm. Evi-
dently, the mass-transfer process is limited by the diffusional resistance in the gas phase, and the diffusional
coefficient of external mass release g, is a linear function of the load, This conclusion drawn from the data

of Table 1 regarding the limiting stage of the interphase isotopic exchange is confirmed by the results of [8],

in which change of temperature in the range 20-40°C was found to have no effect on the efficiency of chromato-
graphic separation of hydrogen isotopes on palladium, and also by the experimental data obtained on the separa-
tion of the isotopes H, and D, in a column of diameter 3 mm filled with palladium black of grain size 1,0-1.5 mm.
At pressure P = 760 mm Hg, linear gas velocity w = 3.0 em/sec, and temperature 20, 40, and 60°C, the degree
of separation was, respectively, 121, 86, and 53.4; taking into account the temperature dependence of the sep-
aration coefficient & according to [2], this corresponds to a constant value of HTU,

Kinetics in the Internal-Diffusion Region. Experiments at negative temperatures showed a sharp deteri-
oration in the efficiency of mass exchange. In Fig. 2 results are shown for experiments at negative tempera~
tures for hydrogen—deuterium (continuous lines) and hydrogen—tritium (dashed lines) isotopic mixtures. Start-
ing from the additive relations between the total coefficient of mass exchange K, and the coefficients determin-

ing the external and internal diffusional resistance, 1/ K =1/ + a/ﬁg, we consider the diffusional compo-
nents of the HTU

hg.e= hg+ U-hs = hg+ EZG/BylS,

where hg = G/,B asS; h = L/pB4aS; G, L are the fluxes of gaseous hydrogen and of hydrogen dlssolved in palladium,
kmole/h; S is the column cross section, m?; a is the specific surface of phase contact, m%/m?; A is the ratio of
fluxes (A = L/G); Bs is the coefficient of internal mass release, kmole/m?,

Since h_ = const, a linear dependence of h e Oon the value of G should be observed. The slope of the
straight line will depend upon the ratio o/ 8ga,i.e., with increase in the internal-diffusion stage of mass trans-
fer and the phase-contact surface (or with increase in o), the dependence of h e On the load becomes weaker
(Fig. 2).* The dependence of log (3ga) on 1 /T was used to determine the valué of the activation energy for the '
internal-diffusion process, the limiting stage of mass transfer at negative temperatures, For hydrogen—deu-
terium and hydrogen—tritium mixtures it was found to be 4.9 + 0.4 kcal/mole, which is in good agreement with
published values of activation energy for the diffusion of hydrogen atoms in g-phase palladium, obtained by dif-
ferent methods: 3.9 kcal/mole by NMR spectroscopy [9]; 6.8 kcal /mole electrochemically [10]; 5.7 keal/mole
from the permeability of palladium foil [11],

According to the date of [4, 11], deuterium atoms diffuse at a higher rate in palladium, and tritium atoms
at a lower rate (the diffusion rate for the tritium is less by a factor of approximately 1.5 than that for deuterium).
The ratio of coefficients of internal mass release in the separation of hydrogen—deuterium and hydrogen—tritium
isotopic mixtures calculated at -19 and -43°C corresponds to the ratio of rates of diffusion of atomic deuterium
and atomic tritium in g-phase palladium, From the results obtained it follows that a high efficiency of inter-
phase isotopic exchange can be obtained only if internal-diffusional resistance is absent. In this case, HTU is
almost independent of temperature, pressure, and load, and the optimal conditions for separation correspond
to- the largest linear velocity of the gas for which there is no negative effect due to longitudinal mixing.
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*The relative error in determining hg.e at negative temperatures is 10-15% on average.
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MAGNETIC SUSCEP!T'I‘BI'LITIES OF BERYLLIDES

V. P. Gladkov; V. I, Petrov,
A, V., Svetlov, D. M. Skorov,
and V. I. Tenishev

Faraday's method has been applied with fields of 3-5 kOe at room temperature to measure the magnetic
susceptibilities of two-component heterogeneous alloys of beryllium with rare-earth and other metals. Alloys
made by arc melting contained MeBem, MeBey,, or other higher beryllides., The magnetic susceptibility was a
linear function of concentration (Fig. 1). ‘

The relationship was extrapolated to the concentration of the correspo_hding beryllide to derive the atomic
susceptibility x , for over 20 beryllides (Table 1). Beryllides of scandium, yttrium, cerium, neodymium, chro-
mium, and iron were made specially. The X A derived by direct measurement agreed within the error of mea-
surement with the extrapolated values. There was also agreement within 10-15% with published values for

CeBey; [1], EuBe;3, and YbBe,; [2].
Most of the rare-earth beryllides are high paramagnetics, as are the beryllides of vanadium, chromium,
manganese, uranium, and thorium; the other compounds were weakly pal_'amaghetic or diamagnetic.

Figure 2 shows the susceptibilities of rare-earth beryllides and oxides in relation to atomic number; the -
two curves are of the same form for the beryllides and oxides of the trivalent rare-earths, which shows that the :
rare-earths take the trivalent form in the beryllides. This agrees with data on the lattice parameters of beryl-
lides [3] and the data of [1], which shows that cerium in its beryllide is trivalent and also partially tetravalent;’
Klemm's data [2] also show that europium and ytterbium are trivalent in their beryllides.

"~ The analogy with the rare-earth oxides indicates that the atomic susceptibilities of the beryllides of
praesodymium, promethium, and samarium should be ~ +400- 10-%, +150.10~% and +70.10-% cgs magnetic
units respectively. : .

R . . ¢
Figure 3 shows the Z dependence of the magnetic susceptibility for ions of the 3d metals in ionic com-
pounds and in the beryllides MeBe, ;, Me;Bey, etc; transition-metal beryllides differ from ionic compounds in
that the maximum susceptibility occurs at the middle of the transitional series. ’

Elements of the 4d and 5d series usually show magnetism weaker than that for the 3d metals in compounds;
the measured susceptibility for niobium beryllide was close to zero. One expects that the beryllides of the 4d
‘ ‘TABLE 1, Atomic Susceptibilities of Beryl- ‘
-lides at 293°K ‘ .

. Compound Xar i %a»
P 10-scgsth units Berryllide 10-scgsm unit
‘CaBeyg —10+42 NdBeyg +390+5
ScBeys —0,5:t0,5 EuBegy +-3504:50
TiBeyo +842 GdBeys 42340460
VBejp 42242 TbBe;3 4309060
CrBeyo 429241 DyBey; +3600450
~ MnBey, +78+2 HoBey3 -1-31504+60
FeBeyy +6+0,5 ErBe,s 42460450
CoBeyy —3+2 TmBey3 -+1700+30
NisBegy 41242 ‘YbBe;g +480+10
CuBeg 0,0+0,5 | LuBegs —0,5+0,5
-YBeyy —0,24+0,5 HfBey, —10-£2
NbBey, - —3+2 ThBeys +160-10
LaBeys —0,7+1 UBey3 +-26942
CeBeqs 413141

Translated from Atomnaya Energiya, Vol. 40, No. 5, pp. 433-434, May, 1976. Original article submitted
-~ .. June 25, 1975 v o ' ‘
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Fig. 1. Concentration dependence of the atomic susceptibility for bmary beryllium alloys at 293°K
(Xp = XA, with X the specific (mass) susceptibility and A the mean atomic mass of the alloy): 1) Be-
Dy, 2) Be-Ho; 3) Be-Th; 4) Be-Eu; 5) Be-Gd; 6) Be-Tm; 7) Be-Yb; 8) Be-Nd; 9) Be-Cr; Be-U; 10)
Be-Ce; 11) Be-Mn; 12) Be-V; 13) Be-Y; Be-Sc; Be-Lu; @, O) alloys containing the phases MeBey,
and MeBe;s, :
Fig. 2. Room-temperature molar magnetic susceptibilities of rare-earth beryllides and ox1des in
relation to atomic number Z (Xp; = XM, with x the specific susceptibility and M the molecular weight
~ of the compound); O) MeOy /2 (trivalent rare-earths) [4, 5]; A) the same for rare-earths showing
valency +4 [4, 5]; O) the same for rare-earths showing valency +2 [4, 5]; ®) MeBe;;, our results,

o S¢ Ti V Cr ONL Cu.
T T 1

21 23 25 27 29
z )

Fig. 3

Fig. 3. Magnetic susceptibilities at 293°K for
transition~metal ionic compounds [4, 5] (hatched
region) and beryllides (solid line).

X#, 1073 cgsm units

and 5d metals will be found to be weak paramagnetics or d1amagnet1cs.

These results can be utilized in research on the physical properties of alloys and compounds, and also in
physicochemical analysis of beryllium alloys. v . :
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CONFERENCES AND MEETINGS

RADIOCHEMISTRY AND NUCLEAR TECHNOLOGY AT THE 11TH
MENDELEEV CONGRESS OF GENERAL AND APPLIED CHEMISTRY

ﬁ.V. Renard

The 11th Mendeleev Congress on General and Applied Chemistry took place Sept. 22-26; 1975 in Alma-

Ata, The Congress, which was organized by the Academy of Sciences of the USSR and the Academy of Sciences
. of the Kazakh SSR, the Department of the Chemical Industry of the USSR, and the Mendeleev All-Union Chemlc

Society, was devoted to the basic problems of modern chemistry and chemical technology.

About 2500 delegates and guests, among them 200 foreign scientists, participated in the Congress. More
than 900 reports were presented, read, and discussed in the plenary and sectional sessions. The abstracts of
the reports (more than 1500) were published by Nauka Press (Moscow, 1975) in the form of sectional collec-

tions of papers.

Sixteen sections convened: organic chemistry and technology of organic substances, biochemistry, phys
cal chemistry, chemical physics and catalysis, geochemistry and cosmochemistry, analytic chemistry, chem-

al

i-

istry and technology of high-molecular compounds, theoretical principles of chemical technology, electrochem-
istry, chemistry of metals and metallurgy, petroleum chemistry, chemistry and technology of silicates, chem-

istry in agriculature, and chemical literature and chemlcal education.

The section "Radlochemlstry and Nuclear Technology" (presided by Academician B, P. Nikol' skii) ap-
peared for the first time on that Congress. Six sessions took place and more than 40 reports were presented
and discussed; the reports concerned theoretical radiochemistry and the chemistry of radioactive elements,
nuclear technology, analytic chemistry and the chemistry of preparations, and the chemlstry of hot and new

a‘coms°
Problems related to the theory of the structure. of actinide compounds received great attention in this

section. It could be concluded from investigations of the properties of the new compounds (complex nitrates and
chlorides of tri- and tetravalent f elements, lanthanides and actinides, with organic cations, tert1ary ammonium

bases) that the degree of covalency of the bond increases in the series UIV) <Np(IV) <Pu(IV) A theoretical

explanation was given for the nonmonctonic drop of the strength of the An—0O bond in AnO

inthe series U—Np

—Pu—Am, The progress and the development tendencies in the coordination chemistry of uranium were con- -

sidered and a noticeable increase in the interest in the chemistry of penta- and trivalent uranium, organic

uranium compounds, and the chemistry of uranium alloys was observed. For example, a volatlle sandwich com-

plex, uranocene, was recently obtained (by sublimation in vacuum at 150°C),

A large group of reports provided information on new actinide compounds, The chemical, thermal, and
radiative properties of the new actinide fluorides NpF;, PuF;, and NpOF, and of the fluorides of hepta- (Np, Pu)
and hexavalent (Np, Pu, Am) actinides were determined and described. The laws of the periodic system were
used to determlne and to prove a similarity to tantalum from the #3Am reaction with heon nuclei of nilsborium

~ in the fortn 'NsBrs,.
It was established that the residues resulting from the dissolution of metallic uranium, thorium, and

plutonium in halogene hydride acids form a new class of coordination compounds, i.e., they are mixed oxygen-

containing hydrides (oxo-, hydroxo-, and peroxohydrides, but no peroxides), Volatile adducts; namely hexa-

fluoro-acetylacetonate and pivaloyl-trifluoro-acetonate of Am(III) with tri-n-butylphosphate, were obtdined for
the first time; there are chances for separating elements by using the volatility of 1ntercomp1ex compounds of

radioactive elements,

The chemism of extraction processes was tredted in some of the reports, The suitability of fluorine and

_chlorine containing diluents for extraction was investigated. The search for and the production of a large number

Translated from Atomnaya Energiya, Vol. 40, No. 3, pp. 435-438, May, 1976.

This material is-protected by copyright registered in the name of Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011 No part
of this publication may be reproduced, stored in a retriéval System, or transmitted, in any form or by any means, electronic, mecharical, photocopying,
microfilming, recording or otherwise, without written permission of the publisher. A-copy of this article is available from the publisher for $7.50.

521

Declaseified and Approved For Release 2013/04/10 : CIA-RDP10-02196R000700070005-6




Declassified and Approved For Release 2013/04/10 : CIA-RDP10-02196R000700070005-6

of phosphor-containing and nitrogen-containing cyclic and linear polydentate extractants are continued and
their capability of extracting uranium, plutonium, and neptunium is examined. Extractants with high affinity
to Pu(IV, VI) and even selective extractants for Pu(lil) have been found (extractant with piperidyl radicals),

Despite the low selectivity, the efficiency of organic acids (in the extraction of ®Sr) can be increased in
various ways by increasing the separation coefficient of the pairs Sr—Ba and Sr— Ca to 12-14,

Several reports considered the mathematical description and the modeling of extraction processes and
ion exchange. The quantitative description of the combined extraction of rare-earth elements in an extraction
system using the Talspey process was successfully attempted. It was shown that there are good chances for
the mathematical modeling of all the operations in the extraction technology of fuel element restoration, The
mathematical analysis of the uranium and plutonium separation scheme with the so~called expulsive re-extrac-
tion was of great interest (no reducing agents are employed). ' V

A semiempirical method of calculating the separation coefficients of trivalent rare-earth elements and
transplutonium elements in extraction systems was developed. The method is based on the differences in the
formation energies of metal complexes in the two phases. Progress was made in the mathematical descrip-
tion of the dynamics of the ion-exchange process in the separation of Am and Cm when data on the statics of
sorption were used.

The kinetics of oxidation—reduction reactions, extraction and complex-formation in solutions, and the
utilization of agents (ascorbic acid, hydrazine, hydroxyl amine} which do not form salts and which are suitable
for the stabilization of the valencies of Np and Pu in the aqueous regeneration of fuel elements of atomic elec-
tric power stations were considered in detail, Important data on the kinetics of the reaction of Np(IV) with
Pu(IV) were presented, The oxidation of Pu(IV) and other elements in a solution with ozone and the stability
of ozone in nitrate media were investigated; ozone is a possible saltless stabilizer of the valency of actinides
in the regeneration of the fuel elements of atomic electric power stations.

Problems related to the kinetics of extraction with the systems Pu(IV)—tri-n-octyl amine and Zr(IV)—
tri-n~butyl phosphate were discussed. Investigations of the kinetics of extraction are of great importance for
the regeneration of the fuel of atomic electric power stations by extraction in fast extraction units.

The re-extraction operations of metals from extractants can be accelerated by a preliminary reaction
which takes place in the organic phase between the complex-forming agent introduced into the organic phase
or the reducing agent and the metal. It is promising to make use of the differences in the kinetics of complex
formation of metals in solutions with complicated complex~-forming agents of the type of aminopolyacetic acids
(DTPA, EDTA, NTA, and others).

Rare valency states (II, IV, VI, VII) of actinides were investigated, for example, the divalent state of the
remote actinides (Cf, Es, Fm, Mv, 102) which was detected with the method of cocrystallization; this divalent
state is a novel phenomenon, The stability of this state increases with increasing serial number of the element
(in contrast to the second subgroup of lanthanides). However, beginning from Mv, the average valency of the
actinides begins to increase again. New data were obtained on the ability of Am, Cm, Bk, Cf, Es, and Pm to
be reduced to the divalent state in melts of halogenides. Heptavalent americium, which instantaneously. oxidizes
Np(VD) and Pu(VI) to the heptavalent state, was obtained and studied in an alkaline medium,

Some communications concerned the latest achievements in the radiochemistry and radiation chémistry
of berkelium (the redox potential of the Bk(II) — Bk(IV) pair was measured); a method of selectively extracting

“Bk by separation from tetravalent cerium, zirconium, and plutonium was developed. Am(IV, VI) was electro-

chemically obtained in 10-15 M aqueous solutions of phosphoric acid; Am(VI) has greater stability in concen-
trated and diluted solutions of the acid than Am{IV).. A method of applying neptunium and plutonium films on
metal substrates from alkaline media has been developed.

The chemistry of melts of actinides was treated in several reports. The published data on the complex
formation of actinides in chloride and fluoride salt melts were critically analyzed in relation to the agreement
with the theory of the structure of coordination compounds.

The physicochemical properties and the electrochemical behavior of thorium and its compounds in melts
of alkaline metal halogenides were studied. Mixed tertiary phosphates of Ce, Zr, Pu, U(VI, IV), andalkali metals
were synthesized at 700-800°C in an NaCl—KCl melt.

Papers on the conversion of irradiated materials formed the largest group of reports. Liquid extraction
is the dominating process in the practice of modern radiochemistry. Extensive investigations of improvemers’
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in the extraction technology of fuel element regeneration of "warm" atomic electric power stations have been
made (details of the components, scheme for heavy incombustible diluents, and experience gathered in the
actual testing of a material). Interesting data concerned the overall dynamics to be expected and the optimal

unit power of fuel-element regenerating plants.

The extraction technology of a complex scheme’ of converting exhausted fuel elements of an atomic elec-
tric power station with thermal neutron reactors was described (26 months cooling): One of the versions of the
complex regeneration with separation of U, Pu, Np and even of Am, Cm, rare-earth elements, and Sr has been
worked out in a pilot plant. The uranium, which had been extracted to 99,98%, was purified 5 10° times from
plutonium and 1.5-107 times from fission products. Am, which had been evaporated from the aqueous end solu-
tion, Cm, rare-earth elements, and Sr were extracted into D2EGFK; after that, the successive selective re-
extraction of strontium and of the transplutonium and rare-earth elements was performed; the yields were 95,

92, and 94%, respectively.

The possibilities and chances of using aqueous extraction for the regeneration of hot uranium— plutonium
fuel from fast neutron reactors (oxides, carbides, nitrides, and others), but with promising compositions, were
critically reviewed. The considerations ranged from the disassembly and stripping of the packages of fuel ele-
ments to the winning of fuel forms suitable for the productmn of new reactor charges, Stressed were the most
important problems such as "insoluble rests," criticality in all operations, homogeneity of agueous and organic
solutions, removal of iodine, interprocess stabilization of plutonium and neptunium, trapping of tritium, (self-)
evaporation of hot waste, investigations of the macrochemistry of plutonium and the basic fission products, etc.

Conversion by extraction of irradiated 2 Am (with three-month coolingtime) results in #2Cm, The conver-
sion was made according to the scheme of amine extraction of plutonium and separation of transplutonium and
rare-earth elements (separation coefficient ~ 10% in the system with the aid of the Talspey process (citric acid
as buffer agent) and resulted in new, interesting data on the radiolytic stability of the extractant (D2EGFK) used
in a closed cycle with an aqueous solvent of the activity 2000 Ci/liter and irradiated with a dose of 360 W-h/
liter from the radiative oxidation of Pu(IV) and the & radiolysis of the extractant. A *2Cm charge of 95% chem-
ical purity and with a concentration of fission products below 0.1-1 Ci/kg was obtamed Extraction chromato-
graphy can be used to convert charges of irradiated Pu, Am, and Cm,

Promising is the method of separating uranium from fission products by dialysis via a liquid extracting
membrane (tri-n-butyl phosphate on an inert carrier, e.g., Teflon), Itis expected to obtain a coefficient of
uranium purification from the y activity of about 250 per cycle (passage).

Problems related to concentrating solutions of actinides by evaporation and dispersing actinide solutions
were considered; the chemism of various versions of the sol—gel process (internal gelation, sol-maintaining
coprecipitation, etc.) was also considered. A technique for obtaining monodisperseddroplets of a concentrated
(colloidal) actinide solution was developed and the conditions for washing the resulting spherical particles from

the gel-forming media were also determined.

A new method of determining water-soluble highly inflammable products resulting from the nitration of
organic diluents accumulated in the evaporation of the water-tail solution to be concentrated after the extrac-
tion of uranium and plutonium from the solution of the fuel elements was described. A reliable method of
determining radioactive iodine (from the activity of the separated 1231y in flows from the extraction work in the
conversion of VVER fuel elements was developed and tested on real material,

_ Investigations of the radiation-chemical convefsipns of the purex process in a two-phase system were
continued and, specifically, the behavior of radio zirconium and radio iodine were studied; reliable data for
the capture mechanism of the radio iodine by the extractant (tri-n-butyl phosphate) were presented.

The report on the pyrochemical methods of nuclear fuel regeneration (Institute of Atomic Energy, Scien-
tific-Research Institute of Atomic Reactions) gave important results of a fluorine-gas test regeneration of the
uranium fuel of the fast-neutron BOR-60 reactor (burn-up to 11 at %, cooling time 3 months). The work was
done in a pilot plant,

The unexpected high volatility of cesium and the "nonvolatility" of the gaseous fission products during
sweating, the nonfrittability of hot 'fhiorides, i.e., fission products (165,000 Ci/kg, intrinsic temperature 320°C),
the "wandering" of xenon (obviously, XeFy with uranium, and the volatility of cesium upon fluorination (CsF is
nonvolatile) are among the interesting results. By performing sorption—desorption operations with a yield of
99.6%, it was possible to obtain UF; with a purification coefficient of 107 (10® from Ce and Ru; 10'° from Cs;
and 4-10% from Xe), It was established that most of the plutonium Ieft the fluorinating apparatus.
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An analysis was made of the thermodynamic stability and the chemical activity of higher volatile fluorides
of actinides which are important for the fluoride-gas regeneration of fuel elements, for the utilization of UFg in
nuclear reactors, and for the plasma chemistry of actinides,

Reports which were concerned with the technology of fast neutron reactors with cooling by dissociating
the gas N,0, told of the fuel element corrosion which must be expected, the leaching of various fission products
by nitrogen oxide, and the activation of the coolant (formation of 16N, 187 etc.). Methods of purifying N,0O, from
fission products, particularly from iodine, are being tested; a purification coefficient of 3.7 103 was obtained
on a silver-silica gel column at an average gas extraction coefficient of 0.07, The important problem of the
chemical forms of individual elements formed in an irradiated solid matrix was considered. More particularly,
the form !N which is formed from carbon as an impurity in metals, fluorides, and oxides was considered.

Many papers reported on theory and practice of ion exchange and the purification of solutions from noxious
impurities. Promising results were obtained by the use of natural sorbents (bentonites, zeolites) and polymer

sorbents for purifying liquid waste of low activity (¥Co, !*'Cs). The physicochemical principles of the anion~
exchange sorption of uranium from nitric acid were discussed,

Methods of identifying extremely small amounts of radioactive substances in natural objects were con-
sidered in relation to environmental shielding (combined preliminary chemical concentrating and increasing
the sensitivity of the radiometric monitoring equipment); one must mention a new principle of preliminary con-
centration, namely the liquid extraction with fixation of the radionuclides in a developing organic solid phase,
A potentially economic and promising application of inorganic thin-film sorbents was developed (for sewage,
concentrating valuable components, and other purposes); the sorbents were obtained by applying sorbent films
to inert granules (glass, sawdust, etc.). These sorbents are characterized by unusually high distribution coef-
ficients, an almost 100% utilization of .the volume, and fast sorption; the admissible transmission rates of the
solution reach the extremely high values of 200-400 ml/cm?-min (), For example, cesium can be completely
extracted from diluted solutions by 1 g of the sorbent, when the solution volume is 1 m3

Analytic work in nuclear technology was extensively described, Coulometric methods of determining
americium in the form Am(IV) (in the presence of curium and other elements) and a spectrophotometric method
based on the Am(IV) band in the ultraviolet have been developed and implemented. A colorimetric analysis
method for neptunium (sensitivity 5. 10-¢ g/liter), new extraction methods for singling out and separating neigh-
boring transplutonium elements, and new analysis methods with instruments (the method of @, y coincidences
allows americium determinations on a curium background up to 0,003% of the o activity of the curium) were
developed and implemented. Substoichiometry in radioanalytical chemistry is expanded.

A new method of determining thorium impurities in uranium and plutonium by extraction and spectros-
copy has been proposed (sensitivity 1« 1074 mass%). The method of chromatographic concentrating and purify-
ing of metals in combination with nuclear physics measurements using immersed silicon semiconductor o
detectors will have many applications in applied radiochemistry.

A series of reports on the subject "The Chemistry of Hot and New Atoms" were presented to the section
"Radiochemistry and Nuclear Technology." Problems of the modern chemistry of hot atoms, reactions of hot
tritium atoms (including reactions on the surface of solids and in a crystal lattice), the formation of positronium
in condensed media, the conditions for charge recombination on a track, the mechanisms of positronium attenua-
tion and of the inhibition of positronium formation, as well as the relation between these mechanisms, the use
of muonium in physicochemical research, the chemical aspects of the interaction of negative mesons with matter,
the chemical aftereffects of the g decay in molecular systems, and the radiolytic behavior of recoil atoms and
ions of actinide elements in aqueous solutions were comprehensively analyzed.

Results closely related to the main subjects of modern nuclear 'science and technology were reported to
the other sections. The reports dealt with the thermodynamics of solid-phase reactions for obtaining heat-
resistant compositions; solid solutions (low-temperature synthesis of refractory compounds); glass composi-
tions; cermet compositions for fuel elements; the plasma-chemical synthesis of nitride powders; the produc-
tion of new semiconductor materials; the cryochemical method of obtaining finely dispersed powders; proces-
ses of precipitation (synthesis) of inorganic materials from the gas phase; a new method of obtaining coatings
and articles from electrolytically refined tungsten and tantalum; the production of extremely pure alloyed pow-
ders of steels and alloys of a given composition with the aid of the hydride-calcium process; the prediction of

the properties of compounds and reactions which have not yet been investigated; and the development of new
theories of the formation of liquation inhomogeneities.

An analysis of the thermodynamic constants of actinides (ranging from actinium to curium) and their
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oxides was used to estimate unavailable data from the periodicity of the properties and the similarity of the
properties of lanthanides and actinides, The mechanism of the dissociation of the oxides of all these actinides

and their dissociation temperature and boiling points were determmed by calculations.

. Other data pertained to aerosol technology; laser chemistry; new methods of obtaining extremely pure
substa_nces (up to =10~ mass % from nonelectrolytes); the state of radioisotopes in the subsoil water; the mathe-
matical modeling and the physicochemical principles of distillation, crystallization, and osmosis; the mechanism
of the chemical destruction of polymers in corrosive media; an automatic information retneval system for

radlochemlstry, and the compilation of the correspondmg computer dictionary.

In conclusion the 11th Mendeleev Congress summed up the achievements of chemlcal science and technol—
ogy and noted on this occasion the accomplishments of the Russian radiochemical industry and the high level
.of the radiochemistry as a science in our country, The plan prospects within the framework of the 10th Five-
Year Plan were outlined for the most important directions which are associated mainly with the development
-of nuclear power generation, environmental protection, automation of chemical processes, etc, -

USE OF RADIOISOTOPE TECHNIQUES AND INSTRUMENTS
IN MACHINE CONSTRUCTION

M. L. Gol'din.

On Dec, 10-11, 1975 an applied-science conference on the utilization of radioisotope techniques and in-
struments in machine construction was held in Khar'kov, In addition to representatives of the factories and
teaching and scientific research institutions of Khar'kov, engineers and scientists from Moscow, Kiev, Rostov-
na-Dony, Riga, Tomsk, Kupyansk, and other cities participated in the conference.

The reports concerned three basic subject fields: utilization of radioisotope instruments for checking
various technical processes in machine~building factories; use of labeling atoms in research work; and wear

and friction,

The review report "Present State of the Application of Radioisotope Technigues in Industrial Ergineer-
ing" by M, L. Gol'din dealt mainly with wear measurements. In addition to known methods, the report also
told about wear measurements on the basis of the determination of the radiation flux intensity during the opera-

tion of a friction pair which had not been initially activated.

Radioisotope checking methods are widely used in the enterprises of farm machinery building (report by
B. N. Monzhiev), For example, in the Tula Combiner Plant, the Riga Factory of Farm Machinery Construction,
and other factories, radioisotope methods are used to monitor and maintain a given upper level of molten iron
in cupola furnaces. Considerable savings in coke were obtained, the efficiency increased, and the entire moni-
toring system had paid for itself after 6 months., The total savings for four cupola furnaces amounted to 25
thousand rubles, A system for monitoring the total production on conveyor belts is widely used. It provides
savings of 5000 rubles per year in one plant of farm machinery construction. Owing to the use of two-position
radlolsotope instruments, considerable savings in material were obtained in the continuous painting of tractors
and other objects. The annual savings which this method of painting provides in the Volgograd Tractor Plant
reaches 15,000 rubles. Radioisotope instruments for measuring the thickness of coatings were also used to
monitor the plating of radiators and to measure the thickness of varnish-paint coatings.

At the present time potato tubers are sorted by combiners each of which is operated by six persons. The
Scientific-Research Institute of Machine-Building Technology of Rostov-na-Dony has developed an experimental
model of a radioisotope separator on the basis of 2!Am which allows the automation of potato sorting.

V. N. Pozdnikov reported on new y=-ray relaying instruments with digital information processing (GRP—l-i

and GRP-2-1models). The sensitivity of theseinstruments was increased 5 times, but the activity of the emitter
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was decreased more than 25 times in comparison with previous models, Therefore the discrete monitoring

of levels of bulk materials and liquids in vessels with a diameter of up to 10 m became possible without cuts

in the refractory lining. This reduced the expenditures for mounting radioisotope devices, The same instru-
ments allow monitoring of the level in small-diameter tubes in the case of low density gradients and the monj-
toring of the interface of two media with small density differences. High stability and reliability of the para-.
meters were obtained by the transition from an analog recording system to the discrete recording system and
the use of a difference-counting technique; the response can be adjusted from 15- 10~ to 1 sec, The instruments
have an output with contacts as well as a standard contactless output and can be operated in both positive and
negative modes, These instruments replace the previously supplied GR-6 and GR-8 instruments.

Deserving attention is the automatic molding-sand distribution system which hasbeenimplemented in the
foundry of the Khar'kov Tractor Plant (report by I. Ya. Vidzhe)., A y-ray relay, which monitors the upper and
lower levels of the charge in the molding-sand bins is a part of the system, The implementation of this system
has considerably increased the quality of the cast production and has precluded long storage of sand in certain
bins, which in the past caused partial losses in the properties and a reduction of the sand's moisture content,
The runs of the production cycle were improved. The annual saving amounted to about 50 thousand rubles.

Several reports told of the use of y-ray defectoscopy in combination with ultrasound and magnetic tech-
niques.

Some of the reports were devoted to research on the stability against wear of articles made from iron with
a high magnesium concentration; in these investigations, radiometric and autoradiographic analyses were used
(reports by G. N, Bakakin, A, P. Lyubchenko, and R. I. Mikhailov); both structure and properties of coating
compositions were investigated (reports by A, G, Borzyak and 1. Z. Pribysh); the thickness of plated coatings
was measured with the albedo of g radiation (report by I. V. Tsarin); and the pressure forming of metal was
investigated with the aid of radioactive isotopes (reports by V. K. Lobanov, V. M. Pilipenko, and Yu. S. Uritskii).

The conference has shown that the positive results which were obtained must be put to use in other ma-
chine-building factories of our country.

THE ANNUAL CONFERENCE OF THE PLASMA PHYSICS
DIVISION OF THE AMERICAN PHYSICAL SOCIETY

A. A, Kalmykov

The 17th Annual Conference of the Plasma Physics Division of the American Physical Society was held
Nov. 10-14, 1975 in St. Petersburg (Florida). These conferences are now traditional and attract practically
all scientists who actively work in the field of plasma physics in the USA, Usually several delegations of other
countries participate in the conferences.

Nine hundred and sixty-three reports were presented to the conference (802 reports in 1974, 715 in 1973,
and 619 in 1972). This increase reflects the general development of research programs in the field of plasma
physics and controlled thermonuclear fusion in the USA. Papers related to general problems of toroidal plasma
confinement and research done on operating tokamaks (157 reports) play the leading role, One hundred and
thirty~-three reports were concerned with the problems of a laser plasma and laser-controlled thermonuclear
fusion. Research on relativistic electron beams, systems with large 3, and open traps received much atten-
tion. Problems such as the interaction of electron beams with a'plasma, nonlinear phenomena in a plasma,
waves in plasma, diffusion and transfer of plasmas, and plasma diagnostics were considered separately.

Results of greatest interest were obtained with the Alkator tokamak at the Massachusetts Institute of
Technology. A stable plasma with a density n= 6- 104 cm=3 could be obtained with this machine in a strong’
magnetic field of 75 kOe and a large stability reserve q = 6; the stable plasma was obtained by injecting a
neutral gas into a discharge. It was shown that the effective lifetime increases with increasing density and
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reaches 20 msec atthe maximum density. This means that the record value nTg = 10! for thermonuclear
machines has been reached. Under the conditions resulting in maximum density, 8, = 2.5-3 and this corre-
sponds to the greatest possible limit values. Furthermore, the concentration of the impurities was under these
conditions much lower than under conditions of low density, Great progress was attained in creating methods

of additional plasma heating with the aid of injecting beams of neutral particles and with high~frequency plasma
heating. When a beam of neutral particles was injected into the Ormak machine, a doubling of the ion tempera~
ture was obtained (with T; = 1 keV). The slowing down of the injected particles corresponds to the classical
theory. The ATC machine was used for successful experiments of plasma heating with the aid of wave excita~-
tion near the lower hybride resonance (the induced power was increased to 200 kW).

The reports which the Livermore Laboratory presented on experiments dealing with the interaction of
laser radiation with matter indicated that the laser compression of targets helped to reach values nt ~ 102 at
T = 3 keV and a degree of compression of 100-1000 in the material. An analysis of these experiments has shown
that anomalous absorption and transfer, superhot electrons, and self-exciting magnetic fields play a very impor-
tant role in the interaction processes. In the future execution of the program, new powerful lasers and complex
composite targets will be built and the methods of plasma diagnostics will be further developed,

Important results were obtained on open magnetic traps. The 2XIIB machine of the Livermore Laboratory
was used for an experiment in which a powerful beam of fast neutral atoms with an energy of 14 keV and an
equivalent current of 370 A was injected into a previously generated target plasma. The ion temperature in-
creased from 2 keV to 13 keV, and the electron temperature, from 80 eV to 250 eV, The experiments have shown
that drift-cone instability is the main reason for losses, In order to stabilize this instability, it was proposed
to inject a quasistationary current of a hot plasma into the plasma. The particles of the current continually fill
the cone of the losses and the distribution function becomes isotropic and resembles a Maxwellian distribution.
In this manner the main reason for the excitation of the instability would be removed., It was shown in experi-
ments that, when a quasistationary current of a hot plasma is injected along the lines of force of the magnetic
field, the drift-cone instability does not arise in the course of the entire time interval within which the current
of the hot plasma is present. The plasma confinement time increases sharply and reaches ~ 5 msec with nT =
7-101° em—3/sec; the absolute value of nT and the similarity law n7 ~ Tf/ 2 correspond to the classical con-
finement time. Conditions characterized by constant density or by a density buildup were obtained depen-
dent upon the intensity of the injected beam of neutral atoms. When the density increased, the maximum B
value was 0.35. A new instability, which limits the further increase in density, occurs at 8= 0,35-0.4. Thus,
the work which was done in the Livermore Laboratory on the 2XIIB machine has proved the theoretical -and
experimental possibility of stabilizing the drift-cone instability (one of the most dangerous instabilities of open
systems) and reaching plasma parameters, particularly ion temperatures, close to the values of thermonuclear
reactions (T; = 13+1 keV) at classical plasma confinement times. This opens new possibilities of utilizing
open systems. ;

Among the new developments of systems for plasma confinement, one must not forget the systems which
in the last few years were developed in the University of California at Los Angeles and which have a surface
confinement of the plasma; the main plasma volume in these systems is located in the region without magnetic
field and isolated from the walls by a so-called magnetic wall, Such magnetic field configurations can be created
by two layers of conductors with oppositely directed currents in the layers (magnetic sheet) and with a system
of conductors in which the currents are oppositely directed in neighboring conductors (magnétic net), These
systems are characterized by magnetohydrodynamic stability, a confinement time which is directly propor-
tional to the dimensions, the possibility of direct ion injection, large g, and small synchrotron losses. The
devices were theoretically and experimentally considered in various geometries, suchas plane, cylindrical,
and toroidal geometry. The experiments were made under conditions with small and large g in the following
range of plasma parameters: n = 10%10'3 ecm=3, Te = 0.5-10 eV, and T, = 0.5~5 eV, It was shown that the
particle losses are appropriately described by classical mechanisms in the entire range of plasma parameters
applicable to systems with a magnetic sheet, In the magnetic net, the losses are basically given by the leakage .
of particles through magnetic slits having the characteristic size A = 2V pgpj (pe and pj denote the cyclotron
radius of electrons and ions, respectively) much smaller than the characteristic size of the previously obtained
magnetic slits. By creating a space charge inside a system with the magnetic net in analogy to the electro-
magnetic traps of the Khar'kov Physicotechnical Institute, both the confinement time and the ion temperature
could be substantially increased. Preliminary schemes of thermonuclear reactors were presented, in which
systems with superficial plasma confinement, among them systems on the basis of an electromagnetic trap,
are used, The plans show that this development line is promising for thermonuclear reactors.

In the reports on the research on, and the use of, relativistic electron beams, the results of the develop-
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ment and investigation of powerful ion sources were of greatest interest. These sources are the energy sources
for relativistic electron beams and are capable of generating ion beams with energies of several megaelec-

tronvolts and currents of dozens or hundreds of kiloamperes. A special section of the conference dealt with
research on such ion beams, i

-

Constructions of ion sources and experiments with them were described in the reports presented by
Cornell University, the US Navy Research Laboratory, the Sandia Laboratory, the University of Maryland, and
others, Several different systems are used to obtain the ions: reflecting triodes, vacuum diodes with magnetic
insulation, and converging relativistic electron beams. '

At the present time proton beams with a current of up to 6 kA, a current density of 60 A/cm?, and an
energy of 400 keV in a 50-nsec pulse have been obtained in such systems. The results are about the same in
_reflecting triodes but the current density reaches 100 A/cm? in diodes with magnetic insulation; calculations

show that currents of up to 60 kA with energies of 1.7 MeV in the case of deuterons exist in systems with pinch-
ing of the relativistic electron beam, '

High-current ion accelerators provide new possibilities of igniting thermonuclear reactions in solid
targets. Several schemes of thermonuclear reactors with ion ignition and spherical or semispherical focusing
were considered in the conference, The main advantages of these schemes over relativistic electron beams
result from the high stopping power of ions in a material, the absence of bremsstrahlung, the possibility of
obtaining high power by time-dependent focusing, etc. Accordingly, the requirements to the ignition power have
been reduced 10-100 times specifically in the case of heavy ion beams; these power values can now be reached.
One can therefore speak of a new promising direction in the development of pulsed thermonuclear reactors.

The conference took place in 8 parallel sections. A special section was organized; in this section papers
were presented in the form of illustrations and the reports were replaced by free discussions with the authors
of the papers around the corresponding lectern. This form of holding the individual conference sections de-
serves attention. The aforementioned results of the various research lines do not originate from all papers
presented to the conference (this is evidently impossible).

An idea of all the reports can be obtained from the published abstracts. No transactions of the conference
will be published.

IN INSTITUTES AND DESIGN OFFICES

ACCELERATION OF ‘%Ca IONS AND NEW POSSIBILITIES
OF SYNTHESIZING SUPERHEAVY ELEMENTS '

A. A. Pleve

Ions of the heavy isotope ‘8Ca were for the first time in the entire world accelerated and experimentally
used in the Laboratory of Nuclear Reactions of the Joint Institute of Nuclear Research.

It is well known that the synthesis of superheavy elements in reactions with heavy ions and research on
the properties of superheavy elements are among the most important modern problems of nuclear physics.
But in these reactions strongly excited nuclei with a substantial deficit of neutrons are usually obtained. This
can have a disastrous-influence upon the cross sections of synthesis reactions and the lifetimes of the super-
heavy nuclei to be synthesized.

The Laboratory of Nuclear Reactions has developed a new method of synthesizing transuranium elements
in reactions involving ions with 2 mass exceeding 40 amu, The method leads to compound nuclei with a rela-
tively low excitation energy and allows the utilization of stable lead and bismuth isotopes as targets. The cross
sections of the synthesis reactions increase considerably and there is practically no background when the spon-
taneous fission of the reaction products is recorded. New isotopes of fermium and kurchatovium and the ele-
ment with the atomic number 106 were synthesizedwithin a short time in this manner and the properties of
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these isotopes and the element were investigated [Pis'ma v Zh. Eksperim. iEeor. Fiz., 20, 580 (1974)].

_ - The **Ca ions allow extensive investigations in this direction, The **Ca nucleus contains 8 neutrons more
than the principal double magic “°Ca nucleus, The excitation energy of the compound nucleus is accordingly
reducea and the neutron deficit of the final reaction products is reduced to its minimum.

‘The unique possibilities which *®Ca ions provide for the synthesis have been discussed a long time ago
in the scientific literature, but experiments concerning the acceleration of thése ions so far have nowhere been
made. The reason is that natural calcium contains only small amotunts (0.18%) of the 48ca isotope whose separa-
tion is extremely complicated and expensive, Furthermore, as a chemical element calcium does not have
suitable gaseous compounds to be used in conventional ion sources. ' '

_ ._Th(_é Laboratory of Nuclear Reactions has build an ion source in which the active substance is in the solid
phase. Recently both the design and the operation of the source were considerably improved s6 that a maximum
ion current could be obtained with a minimum consumption of the active substance in the acceleration of 8Ca ions,
In October 1975, sevenfold—charged'_mCa ions were accelerated in the U-300 cyclotron, The beam current
amounted to 2 pA (1.7-10' particles/sec) and the maximum energy of the ions was 255 MeV.

The isotope #?102 was synthetized for the purpose of experimentally.verifying the advantages of the #3Ca
lons.” Targets from the separated isotopes ¢, 27, #8ph of high purity were irradiated with **Ca ions. The
cross sections of the 252102 isotope formation in reactions withthe emission of two, three, or four neutrons
were 5, 1.2, and 0.2-10-% cm?, respectively. The reaction (48Ca, 2n) dominates. Its cross section exceeds by
more than one order of magnitude the reaction cross sections of the conventional synthesis obtained with the
aid of light bombarding %0 or ?’Ne ions which result in the same product.

‘Since in most cases only a small number of neutrons are emitted, the fusion reaction (merging) with *8Ca
actually leads to the formation of compound nuclei with a low excitation energy.

~ The synthesis of superheavy nuclei is now being prepared.

THE OPERATOR- STEREOTELEVISION - MANIPULATOR
SYSTEM IN NUCLEAR POWER GENERATION : ,

~Yu. A, Gerasimov, V. P, Ivanov,
and G. P, Malyuzhonok

Good results are obtained by the use of three-dimensional television for the observation of manipulators
and their control in work under conditions dangerous for men; in this manner the alignment of objects in space

can be controlied with the necessary accuracy [1].

The design principles of various stereotelevision systems have been described in the literature but data
on the accuracy with which objects can be aligned in space with an operator— stereotelevision— manipulator
system, i.e., data important for applications, have not been presented,

In the Experimental Design Office of the High-Temperature Institute of the Academy of Sciences of the
USSR, experiments on aligning objects in space with the aid of an operator— stereotelevision—manipulator
system were made under laboratory conditions and in work in air or water; other experiments were made
under direct production conditions, The experimental data were compared with the results of calculations,,
direct observations, and observations made with television systems rendering a two-dimensional image, The

radiation-stable two-channel STU-3 equipment was used in the experiments [2].
The stereographic vision, which is given by ;che difference of the parallactic angles and which corresponds

~ to the minimum shift of objects ih the depth of the field of view [3] is the main parameter characterizing the
image quality of a stereotelevision system. However, an observer—operator working with a manipulator is
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TABLE 1. Conditions in Executing the Experiments

Curve on Medium around] Illumination l Type of focus, Background of zone | Diameter {mm) of objects
Fig. 1a the zone of E (1x) of zone |focal distance | of operation shifred .
operation of operations |f (mm)-
1 Water E=f(r) Zh 49; 22 |No bkgd. Rod, 7— cone, 50
2 » E=j(r Zh 515 50 y .y As above
3 Air 1500 Zh 49; 22 Whatman's paper » »
4 Water 2300 Zh 513 Aluminum > »
5 Air 1500 =513 50 Plywood Rod, 7—.rod, 7
6 » 1500 Zh.51; 50 | .7» Rod, 7—.cone, 50
7 » 1500. Zh 51; 50 » Cone,~ cone, 50
8 » 100 zh-51; 50 {Exptl. hall Rod, 5— rod, 5~
*The tests were made on the ring of the'Sevrpu.khov'?rotéﬁ Accelerator.

4r, mm
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n |
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1
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Fig. 1. Dependernce of the accuracy Ar with which objects are aligned upon
the distance r to the object when the operator— stereotelevision—manipu-
lator system is used:a) unider various conditions and b) with possible obser-
vation systems,.

more interested in the accuracy of the alignment of objects rather than in the smallest noticeable shift of the
objects in the depth of.the field, Therefore the error Ar made in the alignment.of objects in the depth of the
field must be considered the important parameter of a stereotelevision system (error obtained when the observer
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attempts to align the objects).
All other factors influencing the accuracy of the alignment were kept constant in the investigation,

Measurements in air and water were made in a 4000 x 1500 x 1000-mmtank, The remote-control mani-
pulator was placed on the upper edges of the tank and allowed forward—backward, upward—downward, and right
—left motions, Aluminum cones with a diameter of 50 mm and aluminum rods with a diameter of 5 or 7 mm
were used as the objects to be observed. One of the objects was affixed to the bottom of the tank; another
object was placed on the slave member of the manipulator. The stereo camera was mounted on the outside
behind an illuminating system in the wall of the tank.

The observer, who saw before himself only the stereo image of the objects, shifted the one object with
the aid of the manipulator and lined it up with the fixed object; each time the error of alignment was determined,

Three observers without practice and experience in the operation participated in the experiments; the
observers had a keenness of vision of 1,0-0.9. Their adaptation times were 3-5 min,

Very complicated experimental conditions were selected. The objects to be observed and the centers of
the lens systems were placed on the same level., One object was moved in the direction perpendicular to the
center of the base of the transfer system, The bases of the objects were beyond the field of view of the observer.
The observer made three readings in each experiment; the readings were averaged. The results of experiments
in which the alignment error obtained with the operator — stereotelevision—manipulator system was determined
in dependence of the distance r to the objects are presented in Fig, 1a; the basic characteristics and the medium
in which the experiments were made are listed in Table 1.

In order to obtain a full representation of the efficiency of the stereotelevision system in remotely con-
trolled work with manipulators, Fig. 1b shows for comparison the experimental data on the alignment of objects
in space, which data were obtained with various observation methods under otherwise equal conditions, Curve

9 refers to an operator—television—manipulator system in which the television viewing system renders a two-

dimensional image of the objects. Curve 10 refers to the calculated values obtained with the formula of [3]:

rl S4-di2 (1)

Ar=—rr S 1dz

where r denotes the distance (mm) between the object and the camera; I denotes the width (mm) of the trans-
mitting scanning pattern; Z denotes the resolution of the television system in horizontal direction (lines; 0249
according to a table); B denotes the base (mm) of the transmission system; S; + d/2 denotes the distance (mm)
between the center of the objective and the obJect and S' + d/2 denotes the distance (mm) between the center

of the ob]ectlve and the photocathode.
. Tentative values can be obtained from calculations based on approximatibns, i.e., assuming §; + d/2 = r
and 8' + d/% = F. We obtain

Ar = ——rzl— . : (2)

Equations (1) and (2) are derived from formulas stated in [1], but the optical parameters of the stereo-
televisioh System were brought into account, After substituting the values F = 50 mm, Z = 500, { = 12,7 mm,
and B = 65 mm into Eq. (2), we obtain the Ar values 0.98, 3.9, and 15,6 mm for the distances r = 500, 1000,
and 2000 mm, respectively. Curve 11 pertains to an operator—manipulator system in which the observations
were made directly by the operator through the illuminating system of the tank; curve 5 refers to the operator—

stereotelevision—manipulator system (see Fig, 1a),
When we analyze the graphs, we can draw the following conclusions.

" Since very great errors are made in the alignment of the objects when the operator—television—mani-
pulator system is used, the system cannot be recommended for work with manipulators;

the experimental results cdhcerning the alignment which was obtained for objects with the operator—
stereotelevision—manipulator system are in good agreement with the calculated values;

the alignment of objects in water is worse than in air, because the light is scattered in the water layer,
- In this case the water becomes a secondary source of light emission and both contrast and visibility of the

" object are reduced;
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a background behind the object increases the accuracy of the alignment;

the results of observations on the alignment of objects by the operator (with the naked eye) using the
operator—manipulator system are in good agreement with the corresponding data obtained in work with the
operator— stereotelevision—manipulator system. The system which comprises the stereotelevision renders
better results in certain cases, owing to the optical and electronic magnification of the system; and

the accuracy of the alignment is substantially influenced by the operation of the slave mechanism of the
manipulator and the manner of recording the results of measurements, For example, during work in the tank,
the slave mechanism had a greater overswing than the mechanism used on the Serpukhov proton accelerator;
this is evidenced by Fig. la,
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EXHIBITIONS

NEW EXHIBITS IN THE HALL "ATOMIC ENERGY’

AT THE EXHIBITION OF ACHIEVEMENTS OF THE NATIONAL
ECONOMY OF THE USSR ' '

P. A. Sokolov

The exhibits at the hall "Atomic Energy," which was organized by the State Committee for the Use of
Atomic Energy of the USSR, familiarizes the visitors of the Exhibition of Achievements of the National Eco-
nomy of the USSR with the development projects of Russian atomic science and technology within the frame-
work of the Ninth Five-Year Plan and with the outlook in the light of the resolutions of the 25th Congress of
the Communist Party of the Soviet Union.

v The exhibits in the hall "Nuclear Reactors and Atomic Power Generation" tell the visitor about the con-
struction program of atomic electric power stations in the USSR, about the basic types of Russian atomic re-
actors, the equipment used in the atomic electric power stations, and new construction materials used in the
building of reactors., The central exhibit of the hall is a model of the unique RBMK-1000 channel reactor with
an electrical power of 1 million kW, which was erected in the V, I, Lenin Leningrad Atomic Electric Power
Station. The uranium-—graphite reactors are interesting because they make it possible to obtain any amount
of electrical power; typified construction elements and components are used in these reactors, which are
reliable in their operation and preclude nuclear overheating of the vapor but allow reloading of fuel without
stopping the operation of the reactor, '

Water—water power reactors, which were represented by models of the serially produced VVER-440
reactor built with the standards of the best examples of atomic technology in the world, and also represented
by the serially produced VVER~1000 reactor with improved utilization of the volume inside the housing, have
increased the specific energy load of the active zone and the parameters of the primary coolant.-

Models of the fast reactors BN~600 and BN- 350 with water-distillingunits represent a third direction in
Soviet reactor construction. Owing to the fuel breeding in this type of reactor and to the possibility of using
practically any uranium and even thorium, the resources of nuclear fuel have been greatly increased.

Prototypes of VVER-440, RBMK-1000, BOR-60, and BN-350 fuel elements, a reactor assembly with a
gaseous (COy) coolant, and various monitoring, measuring, and auxiliary instruments are also exhibited in the
hall, One can become familiar with special aspects of reactor utilization for investigations in nuclear physics
and in other fields of science (prototype of an IVV-2 research reactor)., Models of the portable atomic electric
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power station Sever-2 and of the Bilinsk Atomic Electric Power Station demonstrate the possibilities of
power generation in the USSR by building atomic electric stations of low and medium power, which can be ef-
ficiently and economically usedto produce electrical and thermal energy in regions in the extreme north with-

out propér roads.

The exhibits in the hall "Thermonuclear Research" 1nform about investigations of controlled thermonu-
clear fusmn The final goal-of these investigations is to build thermonuclear power stations with an inexhaust-
able energy source. The success which Soviet scientists have reached in this field is clearly demonstrated
by a model of the experimental thermonuclear device Tokamak-10 which was developed by the I. V. Kurchatov
Institute of Atomic Energy.. Still another step was done to build machines which demonstrate the feasibility of
controlled thermonuclear reactions, A model of a hypothetical reactor shows how engineers and scientists
imagine the reactor of the future. In the hall one can become acquainted with investigations of the properties
of plasmas in magnetic traps provided with probes. A model of the original Soviet Ogra-3 machine is one

of the main exhibits in this hall.

A hall for the new subject "Winning and Converting Natural Uranium" was opened for the first time to
spectators. The exhibits tell of modern methods of winning low-grade uranium ore by underground leaching
and informs about the enrichment of the ore and its hydrometallurgical conversion. The exhibits of the hall
comprise a model of equipment for ore enrichment with the SO-2 neutron multiplier; extracting agents for ex-
tracting and purifying uranium and the accompanying elements; ion exchange resins and membranes; and equip-
ment for winning, converting, and burying radioactive products; all this was developed in the All-Union Scien-
tific Research Institute of Chemical Engineering and the Sverdlovsk Scientific-Research Institute of Chemical
Machinery Construction. In this hall one can also become familiar with one of the new types of chemical equip=
ment, namely a pulsed apparatus built by the All-Union Scientific-Research Institute of Standardization in
Machinery and Manufacture. The main advantage of this apparatus is that the zones of operation are completely
free of moving parts so that the equipment can be easily and simply sealed and that servicing personnel can be
reduced or even completely dispensed with, The method of pulsing can be of interest to specialists in the field
of chemistry, petroleum chemistry, metallurgy, medicine, microbiology, the food industry, and other branches

of industry.
~ Products of factories and design offices specialized in the manufacture of nuclear instruments are shown
_in the hall "Instruments of Nuclear Physics." The exhibition shows a large number of dosimetric and radio-
‘metric instruments, of instruments and equipment for research in nuclear physics, biology, and other fields,
and instruments of nuclear physics which can be employed in atomic power generation, prospecting, winning,
~ and converting of minerals. All exhibits of this hall are shown in their natural form and in operation. One can
see in the hall an RK radiometer which was developed in the All-Union Scientific-Research Institute of Instru-
ment Making; a gas radiometer of the V, G, Khlopin Radium Institute; thermocouples; neutron level indicators;
detectors and their qualitative modifications made in recent years; and Mustang and Luk instruments to be

used in analytic processes.

A large portion of the exhibition in the hall "Accelerators of Charged Particles" tells of the work of the
D. V. Efremov Scientific-Research Institute of Experimental Atomic Physics which has developed acceleration
methods of various types and for various purposes., The exhibition comprises models of the LUE-10-2D ac-
celerator for defectoscopy which is successfully used in the A. A, Zhadanov Izhorsk Plant; the small-size MGTs
cyclotron; the direct high-current accelerators Elektron-3M and Avrona-II which are used as sources of
fast electrons in chemistry and the textile industry, the woodworking industry, the radiotechnical industry, the
‘auto industry, and other branches of industry. Accelerators for medical applications were represented by the
LUE-15 and LUE-8-5V models. The exhibition in this hall also shows instruments and apparatus of the S. M.
Kirov Scientific- Research Institute of Nuclear Physics of the Tomsk Polytechnical Institute (compact high-cur-
rent KBS-8-25 betatron), NIIEI of the same institution (rotational B-32/6 betatron equipment), and of the Scien-
tific-Research Institute of Mechanics and Physics at the Saratov State University (portable IMD-5 microtron

for defectoscopy).

The new exhibition in the hall "Atomic Energy" fﬁlly and comprehensively tells about the work which the
State Committee for the Use of Atomic Energy of the USSR does in the principal subject fields of research; the
exhibits are of great interest for specialists of nuclear engineering and of other branches of the national economy.
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BOOK REVIEWS

A, A. Glazkov, I. F, Malyshev, and G. L. Saksaganskii

VACUUM SYSTEMS FOR ELECTROPHYSICAL APPARATUS*

Reviewed by A. P. Kukushkin and L. N, Rozanov

The book under review draws upon a wealth of experience gathered in the USSR and elsewhere in the
construction of vacuum systems: cyclotrons, synchrocyclotrons, synchrotrons, linear accelerators, storage
rings, and thermonuclear reactors.- : S

It presents an interesting historical review of the construction of vacuum systems for charged-particle
accelerators from Lawrence and Van de Graaf (1931) to the present day.

The first chapter considers the physical processes occurring in the vacuum chamber of accelerators
and thermonuclear reactors, introducing elements of vacuum physics, and indicates the requirements for the
limiting pressure, the composition of the residual gas, the constructional materials, and the choice of methods

.of evacuation. For the basic types of accelerator, an account is given of the theoretical and experimental
results obtained on the scattering of accelerated particles on the residual gas, loss of vacuum, multifactorial
discharge, activation of the apparatus by scattered particles, stimulated desorption, and for thermonuclear
reactors also recharging of plasma ions on impurity atoms.

The second chapter outlines the basic calculation and design of vacuum systems from the point of view
of the particular requirements of electrophysical apparatus: the structure of the acceleration chamber or of
the equipment for building-up and heating the plasma, the presence of impact gas loads, gases with particular
properties, and electromagnetic excitation of the surrounding medium. Typical schemes are developed for a
structurally periodic chamber with distributed gas load and for collector evacuation of a small-aperture cham-
ber. Means of optimizing the chamber according to the minimum-cost condition are noted,

The book pays great attention to the choice of constructional materials that retain satisfactory character-
istics for doses of particle and electromagnetic radiation of up to 10-10® Mrad. Very extensive experimental
data are given on the desorption characteristics of typical vacuum-device constructional materials, ferrites,

adhesive compounds, and heat-absorbing coverings, together with typical designs of various kinds of vacuum
system of interest to specialists, . :

The book synthesizes a great deal of experience of design and engineering work on the creation of non-
standard vacuum equipment and on the construction of chambers for electrophysical apparatus., Particularly

- noteworthy are new developments of flanged joints, rotating vacuum inlets, and metalloceramic and adhesive
- compounds.

" The extensive factual material allows the reader to become familiar with our native accelerators at
Serpukhov, Erevan, Gatchin, etc., and also with the best of the European and American machines.

A shortcoming of this book is the uneven distribution of theoretical material. For example, the scatter-
ing of accelerated particles is described in detail, while stimulated desorption and the recharging of ions are
adequately summarized (which, it is true, takes up only a small part of the book), but there is a complete lack
of material on nonstandard pumping equipment for electrophysical apparatus.

The book is well written and may be read with interest by all who specialize in electrophysical apparjatﬁs,

and also by engineers, designers, and students specializing in the development of equipment for scientific re-
search,

* Atomizdat, Moscow (1975).

Translated from Atomnaya Energiya, Vol, 40, No, 5, p. 445, May, 1976.
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vV, I. Subbotin, M, Kh, Ibragimov, P. A, Ushakov,
V. P, Bobkov, A:. V. Zhukov, and Yu. S, Yur'ev v
HYDRODYNAMICS AND HEAT EXCHANGE IN ATOMIC-POWER

INSTALLATIONS*

Reviewed by V., N, Smolin

The book under review is the result of fundamental research and correlation of research material by the
authors. The book gives an idea of the complex processes of hydrodynamics and heat exchange in the active
zone of nuclear reactors, and presents calculation-based recommendations for the cooling of smgle-phase

11qu1ds
In the monograph, some properties of the heat carrier are considered, and descriptions are given of the
"channels and the construction of the fuel—element assemblies most frequently encountered 1n practlcal reactor

designs,

The basic equations of hydrodynamics and heat exchange are examined. The kinematic characteristics
of the flow are analyzed, using equations of motion in Helmholtz form, and various ways of framing the equa~
tions of motion and energy for turbulent flow are evaluated. A physical interpretation is offered for the basic
criteria of similarity and the choice of characteristic parameters for simulation is discussed. The principle
of approximate simulation of elements of the active zone is illustrated, using the example of fuel elements with

a triple casing, ' _

Equations are obtained for the calculation of the relative frictional coefficients for laminar flow in ec-
centric circular channels. An analytical method is proposed for the calculation of frictional coefficients of
laminar flow fluid in a regular array of rods. For channels of arbitrary shape, the authors suggest a division
of complex regions into a number of subregions, the problem being solved successively in each subregion,

The formula recommended for the calculation of hydraulic losses and velocity profiles in a turbulent flow
of fluid is analyzed for channels of the various geometric forms most often encountered in reactor designs,
In a considerable proportion of the authors' investigations, a longitudinally streamline bundle of rods in a turbu-
lent flow of heat carrier is taken as the basis for the determination of the hydrodynamic characteristics, For
square and triangular arrays, the tangential stress at the perimeter of the cell and the local velocity at the
center are measured, Channels of arbitrary cross section are divided into cells bounded by the flow perimeter,
linés of maximum velocity, and normals drawn from characteristic points of the perimeter., These cells are
regarded as isolated ehannels, the hydrodynamic characterlstlcs of which can be calculated by one of the

methods described in the monograph,
In the monograph, valuable information is given on methods for hydraulic calculations of bundles of rods

with spacing fins and rough channels,
In the chapter dealing with hydrodynamics in a cassette, the problem of determining the hydraulic profile
~ of the reactor is solved using a model of the active zone for dense packing of the fuel elements and cooling by
sodium, and the mass transfer in a system of connected channels is considered, taking into account the spacer
arrangement and the deviations in the geometrical dimensions of the fuel-element array, It was shown that the
introduction of twisting of the heat-carrier flow by means of fuel-element ribs significantly increases the mass
transfer in the zone, which leads to equilization of fuel-element temperatures and allows the power output of

the reactor to be boosted.
Complex longitudinal—transverSe flow around the bundle of rods can be analyzed satisfactorily in terms

* Atomizdat, Moscow (1975).

Translated from Atomnaya Energiya, Vol. 40, No. 5, pp. 445-446, May, 1976.
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of the principles of filtration theory tested in investigations of finely divided bodies.

The effect of input and output conditions on the hydraulic disequilibrium of the flow in the active zone
is analyzed. The mechanism of the vibration of individual rods and of bundles of rods is considered,

In the monograph, a review is given of the basic analytical methods of calculating the temperature field
of the heat carrier in axisymmetric channels and for longitudinal laminar flow around a regular array of
rods. The solution of the problem is also considered for channels with nontwisted flow, Analytical solution
of the problem is recommended also for the so-called limiting case of heat exchange, in the longitudinal flow
of a liquid-metal heat carrier around a regular fuel-element array.

In calculating the heat exchange and temperature field in the heat carrier for turbulent flow, attention is
directed principally toward the cooling of rod assemblies by means of liquid metals. The analysis of the cal-
culated recommendations is based to a considerable extent on experimental data obtained by the authors them-
selves. One section of particular interest is that which deals with the study of temperature pulsations of fuel
elements arising in conditions of steady-state heat exchange. Results are given for measurements of the tem~

perature field in the cassette with different spacings of both smooth and ribbed fuel elements, with and without
displacement, '

Individual methods of calculating temperature fields in bundles of rods are considered. Methods of cal-
culating random deviations of parameters in the fuel-element temperature field are analyzed, as well as com~
plex hydromechanical phenomena occurring in the active zone when the fuel elements are bent, The effect of
ribs on the temperature profile of the fuel elements is examined. A method of calculating a portion of the
thermal stabilization is proposed, and formulas for calculating heat exchange for this portion are analyzed.
The effect of variations in energy output along the length of the channel on the heat-transfer coefficient are
considered, Heat exchange in rough channels is analyzed.

The work provokes the following brief comments. The monograph addresses itself to the problems of
hydrodynamics and heat exchange in the flow of single-phase liquids, mainly liquid metals. In it, no consider-
ation is given to problems associated with boiling of the heat carrier, crises of heat exchange, or hydrodynamic
stability of the flow rate in the channels,. This means that nothing is said regarding the class of boiling reactors
and reactors with a high thermal load, in which boiling with underheating occurs, and therefore the monograph
should not have been given so general a title.

Since hydrodynamics and heat exchange are interrelated phenomena, it would be expedient to consider
these problems together, i.e., Chapters5, 9, and 10 should be integrated. This would emphasize the inter-
dependence of the phenomena and eliminate certain repetitions that are inevitable when the material is treated
separately. :

The specific problems considered in the monograph are mainly those for the cooling of fuel elements by
liquid metals, i.e,, in conditions such that the physical properties of the heat carrier depend comparatively
weakly on the temperature and hence the change in temperature of the liquid metal has no significant effect
on the heat exchange and drag. However, the monograph claims to apply these methods of calculation also
to the cooling of the active zone by nonmetallic trickling liquids and gases, For these cases, the authors
should consider in more detail the calculation of the heat exchange and drag for the flow of a liquid with vari-
able physical properties.

The authors of the monograph should devote more attention to the analysis of the recently developed
program for determining local parameters of the heat carrier in the thermogenerating assembly, at the same
time shortening certain other sections of the book, for example, those describing the construction, and analyz-
ing the operation, of an electromagnetic flow meter, and also those reporting well-known and very fully de-
scribed findings of similar monographs and the specialist literature. '

These comments do not detract from the favorable overall impression of the book, but are simply brought
to the authors' attention in anticipation of the preparation of a new edition.

Without doubt, this book will be of value to specialists working in the field of design, to those involved
in the construction and design of atomic power stations, and also to scientific workers and researchers inves-
tigating the thermophysics of nuclear reactors.
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B, V., Lysikov, V. K. Prozorov, V V. Vasiltev,
D. N; Popov, L, F. Gromov, and Yu. V. Rybakov
TEMPERATURE MEASUREMENTS IN NUCLEAR REACTORS*

Reviewed by I. S, Kochenov

The book under review discusses problems of the 1nvest1gat10n design, and use of systems for monitor-
ing the temperature of nuclear reactors,

The present monograph is the first on this theme, It consists of three chapters, and contains a large num-
ber of tables and illustrations, as well as comprehensive bibliographic material.

The problems that can be solved by means of temperature measurements in the reactor are of many kinds
but all contribute to improving the safety and efficiency of the reactor assembly.

The first chapter discusses the specific features of temperature measurements in nuclear reactors
caused by the effect of radiation on the characteristics of the sensitive elements, by energy generation in the
thermometer material, and by the particular constructional and energy properties of the reactor relevant to
temperature monitoring, Up~to-date continuous, discrete, contact, and contactless thermometric methods and

devices are analyzed,

A discussion is given of the principles of construction, the structure, and the means of development of
a temperature-monitoring system, and also of the problem of the optimum operator representation of the in-
formation for reactor control. Unfortunately, some promising methods of temperature measurement (ultra-
sound, thermosound, etc.) are only briefly dealt with,

The second chapter describes a thermoelectric thermometer (TET) that is widely applicable for reactor
control, The advantages of the TET include the small size of its sensor (a thermocouple junction), the capa-
bility of measuring the temperature of small objects, the wide temperature range that can be monitored, the
acceptable accuracy of the measurements, and the relative stability of the device as regards the.action of radia-"
tion, The small-scale TET of cable type with mineral insulation and protective shielding (chromium—nickel
steel, for example, or alloys) allows an increase in the duration and an expansion of the sphere of application
of temperature measurements in the reactor. Practical problems of the production technology for the cable
TET are outlined (preliminary operations, preparing the cable, welding the thermoelectrodes and the protec-
tive shielding, sealing the inlets for cables of different size and shape when the thermocouple is insulated, and
not insulated, from the shielding),

Up~to-date ideas on the errors of temperature measurements using the TET are given, taking into account
- changes in composition and metallurgical state of the thermoelectrodes and also external physical effects.
Methods of investigation of the influence of radiation on the TET characteristics are discussed.

The final chapter considers problems of measuring the temperature of fuel elements, graphite moderators,
" metallic structures, biological shielding, and heat carriers. Different means of bringing the thermocouple into
contact with the fuel elements are described (on the spacing ribs, in a recess, on the surface, in the fuel com-
position, ete.), and the possibility of damage to the fuel elements associated with disturbance of the thermo-
. couple attachment is considered. Examples of the use of diamond indicators for monitoring the temperature

- distribution over the radlus and helght of the fuel element are described. The temperature conditions of opera-
- tion of the thermometer are considered on the basis of modern concepts, taking into account distortion of the

fu_el—.element temperature field at the points at which the thermocouples are attached, Different designs of a
thermometric device for monitoring the temperature state of graphite cladding are described, including multi=

* Atomizdat, Moscow (1975).
Translated from Atomnaya Energiya, Vol. 40, No. 5, pp. 446-447, May, 1976,

This material is protected by copyright registered in the narme of Plenum Publishing Corporation, 227 West 17th Street, ‘New York, N.Y. 10011. No part
of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or b) any means, electronic, mechanical, photocopymg
microfilming, recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $7.50.
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region assemblies of TETs, built on the basis o_f cable thermometers,

The design of a reactor thermometric device for the measurement of heat-carrier temperature is de-
scribed, and the basic requirements for its construction are outlined. Regrettably, in the book there occur
unclear formulations, certain incorrect references, jargon, and excessive digressions from the basic theme,
Some fundamental problems are not considered, for example, the temperature of the heat carrier in the reactor
channels (pulsed, time-averaged, mean, and mass flow rate, etc.). In the analysis of systematic errors of
temperature measurements in graphite and fuel elements, it is difficult to know when the heat-conduction equa-

tion is considered for the thermocouple and when for the medium, the temperature of which is distorted when
the thermocouple is inserted.

In addition, inadequate attention was given to temperature measurements in unSteady conditions,

On the whole, the book will undoubtedly be of interest and value to engmeers technicians, and scientific
- workers mvolved in the design and use of reactor assemblies, .
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